AN INTRODUCTION TO 
GEOLOGY 


SECOND EDITION -REVISED' THROUGHOUT 


BY 

Wn.LIAM B..-'ECOTT,TPH.,a;^ 

BI-AIR PROFESSCtR OF GKoLOOY AN’I> FAL.KuNTuLOGY 
IK mNCETON UKTVERSn Y 


” There rolls the deep wheie jEp*e\v the tree, 

O earth what changes hast thou seen I 
There where the long street roars, hath beer, 
The stillness of the central sea. 

** Tlie hills are shadows, and they flow 
From form to form and nothing stands; 
They melt like mists, the solid lands. 

Like clonds-they-'Shape themselvesjinci.fo.** .j 


With Bwmerotis Illustrations from drawings by Bri^ck IIcmsFALi,. 
and from many new jihott>griij»hs. 


gotit ^ 

THE MACMILLAN COMPANY 

1924 





IMew Mexicoi wlii4 ^ cwii-telilfi4 wilitew 



Copyright, 1897, 1907, 

Bv THE MACMILLAN COMPANY, 


New edition revised. Set up and electrotype^* 
i!Nblished November, 1907, 




TO 

A. A. P. S. 

t!n)i0 Book is ©tliicatrtJ 

IN GRATEFUL RECOGNITION OF AN F.VER READY 

and inspiring sympathy 



FROM THE PREFACE TO THE FIRST 
EDITION 


This book had its origin in the attempt to write an introductory 
work, dealing principally with American Geology, upon the lines 
of Sir Archibald Geikie's excellent little Class-Book.’’ In spite 
of vigorous efforts at compression, it has expanded to its present 
size, though the dilference from the ‘^Class-Book,” in this respect, 
lies not so much in the quantity of matter as in the larger size of 
the type and illustrations. 

The book is intended to serve as an introduction to the science 
of Geology, botli for students who desire to pursue the subject 
exhaustively, and also for the much larger class of those who wish 
merely to obtain an outline of the methods and principal results 
of the science. To the future specialist it will be of advantage to 
go over the whole ground in an elementary course, so that he 
may appreciate the relative significance of the various parts, and 
their bearing iqxm one another. This accomplished, he may 
pursue his chosen branch much more intelligently than if he were 
to confine his attention exclusively to that branch from the begin- 
ning of his studies. 

Students, and only too often their instructors, are apt to prefer 
a text-book upon which they can lean with implicit confidence, 
and which never leaves them in doubt upon any subject, but is 
always ready to pronounce a definite and final opinion. They 
dislike being called upon to weigh evidence and balance proba- 
bilities, and to suspend judgment when the testimony is insufficient 
to justify a decision. This is a habit of mind which should be 
discouraged ; for it deludes the learner into the belief that he 
knows the subject when he has only acquired some one’s opinions 
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and dogmas, and renders further progress exceedingly difficult to 
him. In no science are there more open qtiestions than in 
Geology, in none are changes of view more frequent, and in none, 
consequently, is it more important to emphasize the distinction 
between fact and inference, between observation and hypothesis. 
An open-minded hospitality for new facts is essential to intellectual 
advance. 

^ 

In preparing this book, I have of course availed myself of 
material wherever it was to be found, but I wish to acknowledge 
my special obligations to the text-books of Dana, Le Conte, 
Geikie, Green, Prestwick, Credner, Kayser, Neumayr, Koken, de 
Lapparent, and Jukes-Brown. From the last-named writer is 
taken the arrangement of the Dynamical Agencies, which expe- 
rience in the class-room has led me to consider as the best. 


PREFACE TO THE SECOND EDITION 


The ten years that have passed since the first publication of this 
book have been years fruitful of results in geological knowledge. 
Some departments of the subject have been fairly revolutionized 
and in all there has been great progress, so that any text-book 
ten years old is necessarily left far behind in the general advance. 
Revision, indeed rewriting, had become imperative to incorporate 
the most important and significarW parts of the newer results, as 
well as to remove as many of the defects as I might be able to do. 
The increase in size is an extremely regrettable feature, but I have 
not seen my way to avoid it, for it is largely due to the much greater 
number of illustrations, and these were needed in the interests of 
clearness. 

While many minor changes have been made, the general plan 
of the book remains the same, for experience has convinced me 
that the somewhat rigidly conventional arrangement of topics, 
which has .sufficiently evident drawbacks, is of actual assistance 
to the beginner. It avoids confusing him by any premature 
attempt to point out the infinitely ramifying relations of every 
fact of natime. One of the keenest pleasures of intellectual growth 
is the continual discovery of these unsuspected relations, but for 
the beginner the simpler and more obvious line of reasoning is 
the more profitable. 

The labour of revision has been greatly lightened by those 
admirable store-houses of geological learning : the second edition 
of Kayser’s Lehrbiich,*^ the fourth edition of Geikie^s *^Text« 

, Book,** and the Geology** of Chamberlin and Salisbury- To all 
;:bf these my obligations are great, especially for the bibliogra|Ajfel' 
which they contain and which have rendered the eoHeetii^n of the 
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newer technical literature of monographs and papers a much less 
onerous task than it could otherwise have been. 

In this new edition I have introduced a very considerable num- 
ber of brief quotations, at the request of some of those who have 
employed the book as a convenient work of reference and wlio 
desire to know the authority upon which the more novel or less 
familiar statements have been made. 

It gives me great pleasure to express my thanks to the many 
friends who have assisted me in my undertaking. To Mr. C. W. 
Hayes and Mr. Bailey Willis, of the United States Ckological Sur- 
vey, I am under particular obligations for the kindness which en- 
abled me to profit by the magnificent collection of photographs 
which the Survey has gathered. It so happened that, but for this 
kindness, obstacles of a temporary nature would have prevented 
my enjoyment of this privilege.^^ Mr. Willis was also kind enough 
to give highly valued assistance and counsel in many other direc- 
tions. .■■■ 

Professor W. H. Hobbs sent me proofs and manuscript of un- 
published books and papers on seismological subjects, a service 
which it is difficult to describe adequately. Professor Bumpus, 
director of the American Museum of Natural History, New York, 
Professor Osborn, Professor R. B. Young of Johannesburg, and 
Professor R. W. Brock of Kingston, Ontario, have all been most 
liberal in supplying me with photographs and other means of 
illustration. My colleagues -in the Geological Department of 
Princeton University have rendered assistance that was literally 
invaluable; Professor C. H, Smyth, Jr., has read the proofs and 
has made very many useful and timely suggestions, and Dr. W. J. 
Sinclair took many photographs especially for the book' and has 
given me the benefit of his experience in using it. Greatest of all 
are my obligations to Mr. Gilbert van Ingen, to whom the book 
owes much of whatever good it may possess ; he made a large 
number of the photographs, prepared the maps, selected the in- 
vertebrate fossils for the plates, and supervised the admirable 
drawings '|pon which Mr. Horsfall has expended such pains and 
BkiH/ much useful assistance in the stratigraphical part. 
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XI, 


As to the figures in the plates, a word of explanation is required* 
A few only are original ; the great majority are taken from mono- 
graphs by well-known writers, but almost all have been so modified 
by restoration or otherwise that it did not seem proper to put the 
responsibility upon the original authority. 

During the past ten years I have received many letters contain- 
ing criticisms of the book and suggestions for its improvement in 
one or otlier particular. So far as lay in my power, I have en- 
deavoured to profit by these criticisms and suggestions, and I 
wish to thank those who have taken the trouble to write them for 
my benefit. ■ 

Finally, I venture to express the hope that the new edition may 
find a place of usefulness in a crowded field, notwithstanding the 
defects of which 1 am very well aware but have not been able to 
remedy in the time at my disposal. 


Princeton, NJ., 
Oct. lo, 1907. 
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INTRODUCTION 

Geology is the study of the sinicture^ history^ and development of 
the earth and its inhahitaniSj as revealed in the rocks. 

From this definition it is apparent that the central problem in 
geology is the deciphering of the earth history, and that the 
historical standpoint is dominant throughout For this purpose 
it is necessary to apply the results and principles of all those sci- 
ences which can aid us in interpreting the record contained in 
the rocks. Astronomy, physics, chemistry, mineralogy, physical 
geography, botany, and zoology are all needed in the task, and 
geology as a true science did not become possible until the other 
sciences were sufllciently advanced to afford a solid foundation 
\for it"' 

The history of the earth involves vast periods of time, to be 
measured only in millions of years,— no one can say how many,- — 
so that all our familiar conceptions of ‘‘ ancient and modern,’^ 
derived from the history of our own race, must l)e greatly changed 
before they can be apf)lie(l to ge<.)Iogical time. In reaching its 
present conditicm, the earth has |)assed through, many stages of 
change in its geographical, cliinalic, and biological relations, most 
of these stages leaving behind them records which are preserved 
in the successive layers of rock. 

In order to read the record contained in the rocks, it is first of 
all necessary to learn the language in which It is written. This 
can be done only through an intimate acquaintance with all the 
methods in which rocks are made, and with the changes which the 
rocks undergo. This, in turn, implies a knowledge of all those 
processes which are now at work in modifying and changing the 
globe internally and on the surface. Just because our knowledge 
of these methods and processes is often incomplete and vague, do 
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we so frequently find the geological record ambiguous, open to 
several interpretations, or even quite unintelligible. Again, many 
changes go on under conditions which render direct observation 
impassible, either because they are confined to the deep interior 
of the earth and are thus beyond our reach, or because their opera^ 
tion is so slow that a lifetime is all too short for their detedion. 
In such cases we must deduce the invisible cause from the visible 
effect, but it is often extremely difficult, or even impracticable, 
from many [lossible causes, to selet:t the real and rightful one. 
Hence come the wide differences of opinion which the interiireta- 
tion so often calls forth. 

As a living and growing science, geology is subject to continual 
change, a change which is by no means a simple advance from one 
point to another, but an unending revision of opinions, a perpetual 
tearing down and rebuilding. 

. ‘To many intelligent people this continual modification of scien- 
tific opinion, which is a necessary consequence of advancing know- 
ledge, is a source of annoyance. This attitude of mind comes from 
a failure to discriminate between fact on the one hand, and inference, 
or hypothesis, on the other. Accurately observed fact.s may be 
added to, but they remain trustworthy; the changeable element is 
the inference which is drawn from the facts. These inferences are 
of very different degrees of certainty. Some such deductions which 
were made centuries ago remain unshaken to-day, while others of 
far more recent dale have proved illusory. Thus, when we find 
. a rock composed of cemented sand-grains, arranged in regular 
beds or layers, and full of marine shells, we infer that it was formed 
under the sea, and further that the land where the rock Is now 
fbund was once covered by. the sea. Such inferences are prac- 
' tically certain, because they explain all the known facts and are 
■ jii conflict with none. On the other hand, the hypotheses of 
; Puvjer and others as to the cha-facter of the earth’s development, 
aid. the^imnner in whidhf«; successive ^assemblages of animals 
;a3pd:„plants were called beeh long abandoned. 


£ 
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the inferenees become the more uncertain, the farther we recede 
from demonstrable facts. Hypotheses are assumptions which we 
make to explain and coordinate large numbers of facts, and so 
long as their true nature is understood, they arc useful, indeed 
indispensable, means of reaching the truth. The objection is that 
they are too often taught as though they were established beyond 
dispute. A true hypothesis will prove to be in harmony with 
newly discovered facts, which will take their place umler it simply 
and naturally. A false hypothesis, on the otlier hand, may be in 
accordance witli all the facts known at the time when it wUvS pro- 
posed, but the progress of discovery 'will bring to light facts which 
are inconsistent with the hypothesis, until it is plainly seen to be 
inadequate and misleading. Yet even a false hypothesis may serve 
a useful purpose, for it puts before us a definite problem, instead 
of a mere catalogue of uncorrelated observations. The pathway 
of every science is strewn \vith wrecks of hypotheses which have 
been used, worn out, and throwm aside. In all our thinking 
and reasoning the distinction between hypothesis and fact must 
be steadily held in view. 

Geology is a unit and, though for the purpose of orderly treat- 
ment, it is necessary to divide the subject into various provinces, 
it should be clearly understood that these provinces are rather 
the various aspects and phases of the same science than actual 
divisions. Every part of the subject is so intimately related to 
every other part, that any possible arrangement involves the more 
or less violent separation of things that belong together and requires 
much anticipation and repetition. The past is meaningless unl^ 
we understand the present, and a full understanding of the present 
can only be gained through a knowledge of the past, yet it is ob- 
vious that we cannot deal with both past and present simultane- 
ously. Although it is an undoubted evil, some classification is 
necessaiy, if we w>-ould avoid losing p^elves in bewildering laby- 
rinths of detail. ^ 

The departments into is usually divided are m 
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1. Dynamical Geology, or the study of the forces which are 
now at work in modifying the surface of the earth, and of the 
chemical and mechanical changes which they effect. This is the 
key by which we may interpret past changes. 

2. Structural Geology, or the study of the materials of which 
the earth is composed and of the manner in which they are 
arranged; together with such explanations of the modes in which 
the arrangement w'as produced as may be inferred from the 
structure, 

3* Geomorphology (also called Physiographical Geology, 
Physiography) is an examination of the topographicai features 
of the earth and of the manner in which they were produced. 
Primarily, this subject is a province of physical geography, but it 
is a valuable adjunct to geology. 

The three foregoing divisions together constitute a larger division, 
which is called Physical Geology , and which is contrasted wdth— 

4, Historical Geology.— This is the study of the earth^s history, 
the changes of level between land and sea, of topography, of 
climate, and of the successive groups of animals and plants 
which have lived upon the globe. The historical is the dominant 
standpoint in geology, the main problem of which is to interpret 
the records of the earth^s history. The other departments are 
the means to this great end. 

While the geologist needs the help of almost all the other phy.si- 
cal and natural sciences, he has his peculiar province in the rocks 
which make up the accessible crust of the earth. These rocks are 
aggregates of a comparatively few common minerals, called, for 
that reason, the rock-forming minerals. A study of the processes 
now going on shows that rocks are formed in various ways and, 
in accordance with these modes of formation, they may be grouped 
in three great classes: I. Igneous Rocks ^ or those which have 
solidified by cooling from a state of fusion and are therefore not 
divided into layers or beds, are either glassy or crystalline, and are 
composed of complex minerals. The igneous rocks have forced 
their way upward from the earth^s interior, thus penetrating the 
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overlying rocks in various ways. A familiar example of this 
group is lava. II. Sedimentary^ or Stratified Rocks^ those 
which were accumulated under water or on land in a series of 
successive beds, or strata ^ from material derived from the dis- 
integration of older rocks, and are generally fragmentary, or 
non-crystalline, and composed of simpler minerals than those 
which make up the igneous rocks. Speaking broadly, the beds 
of the sedimentary rocks were originally laid down in a horizontal 
position, and hence when they are found to be tilted, inclined, or 
folded, it follows that they have been disturbed from their 
original attitudes. III. Metamorphic Rocks j or those igneous 
or sedimentary rocks which have been more or less profoundly 
reconstructed in place, often with the generation of entirely new 
minerals. 

In the accessible part of the earth’s crust, rocks of all kinds 
(other than loose materials, such as sand) are divided into pieces, 
by vertical and horizontal partings, which are called joints (see p. 
369). In addition, the rocks are divided into still larger masses, 
or blocks, by a profounder system of fissures, and planes of 
dislocation, or fatiUs (see p. 353). The blocks are of all 
sizes, up to thousands of square miles and down to areas of a 
few scpiare feet, and thus the surface of the earth has been well 
compared to a vast mosaic of rock-pieces. 

The crust of our planet is called the lithosphere, a shell of rocks 
of unknown thickness. Within the lithosphere is the great mass 
of the earth, or centrosphere, concerning which we know only that 
it is highly heated, of great density, and under enormous pressure. 
The surface of the globe is very irregular and covered with 
elevations and depressions. The deeper depressions are filled 
with water and constitute the ocean basins which in area bear 
to the land the proportion of 2.54:1, and this incomplete en- 
velope of water is the hydrosphere. If the surface of the earth 
were smooth, the ocean would cover it entirely to a depth of 
nearly two miles. Finally, the atmosphere is a gaseous envelope) 
which encloses the earth completely. 
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Op the simple undecomposable substances which chemists call 
elements, and of which rather more than seventy have been dis- 
covered, only sixteen enter at all largely into the composition of the 
earth’s crust, so far as this is accessible to observation. It is 
estimated that 98 % of the crust is made up of the following 
eight elements, arranged in the order of abundance, with the per- 
centages as calculated by F. W. Clarke. 


47.07 Calcium . . 
28.06 Magnesium 
7.90 Sodium . . . 

4.4^ Potassium . 


Oxygen . . . 
Silicon .... 
Aluminium 
Iron 


The remaining eight elements, titanium, carbon, sulphur, hydrogen, 
chlorine, phosphorus, manganese, and barium, are far less abun- 
dant, but still of considerable importance. 

Only two of these elements, carbon and sulphur, are found in a 
more or less impure state as minerals or rock masses; the others 
occur iLS compounds, formed by the union of two or more of 
' them. 

,A mmral is a natural, inorganic substance, which has a homo- 
geneous structure, definite chemical composition and physical 
properties, and usually a definite crystal form. 

' Crystals are solids of more or less regular and symmetrical shape, 
bounded, usually, by plane surfaces. The number of known crys- 
tal forms is very great, and yet they may be all grouped in 
Bjrstems, which are charactetked by the tdatiom of their 
, ' , . ^ ^ y.V' ‘ = .y/" " ' 
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axes, The of a crystal are imaginary lines, which connect 
the centres of opposite faces, or opposite edges, or opj)osite solid 
angles, and which intersect one another at a point in the interior 
of the crystal 

The Systems of Crystal Forms have received many names, the 
following being those which arc most generally used in this 
country: — 

I. Isometric System (monometric, cubical, regular)* — In this 
system the three axes are of equal length and intersect one another 
at right angles. 

IL Tetragonal System (dimetric, pyramidal). — The axes inter- 
sect at right angles, but while the lateral axes are of equal length, 
the vertical axis is longer or shorter than the laterals. 

ni. Hexagonal System. — Here four axes are employed, three 
equal lateral axes intersecting at angles of 6o®, and a vertical 
axis, which is perpendicular to and longer or shorter than the 
laterals. 

IV. Orthorhombic System (rhombic, tri metric). — The three 
axes intersect at right angles and are ail of different lengths. 

V. Monoclinic System (monosymmetrlc, oblique). —All three 
axes are of different lengths; the two laterals are at right angles to 
each other, while the third is oblique to one of the former. 

VI. Triclinic System (anorthic, asymmetric). — Three axes of 
unequal lengths and oblique to one another. 

It is important to bear in mind the relations which the forms 
sustain toward one another. For example, a regular octahedron 
may be derived from a cube by evenly paring off the eiglt solid 
angles, until the planes thus produced intersect one another, 
the centres of the faces of the cube becoming the apices of the 
solid . angles of the octahedron. Conversely, a cube may be 
formed from an octahedron by symmetrically truncating the 
angles, until the planes thus formed intersect. By slicing away the 
twelve edges of a cube or an octahedron a dodecahedron will 
result. These crystal forms are, therefore, so related as to be > 

derivable one from another, and the relations of their 
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remain unchanged; ail three forms may be assumed by the same 
mineral, and they thus properly belong in the same system. Simi- 
lar relations may be observed between the crystal forms of the 
other systems. 

It might be supposed that the crystal systems and the rela- 
tions of their imaginary axes were merely mathematical devices to 
reach a convenient classification of forms. Such a conclusion 
would, however, be a very erroneous’ one. Grystalline form is an 
expression of molecular structure, and the physical properties 
of minerals are closely related to their mathematical figure. It 
is clear that these physical properties are not inherent in the 
molecules of the mineral, but are conditioned by the way in which 
the molecules are built up into the crystal Amorphous substances 
refract light equally in all directions, and are thus called iso- 
tropic; but when an amorphous substance crystallines, it assumes 
the qualities , proper to its crystal form. Thus water is iso- 
tropic, while the hexagonal crystals of ice are singly rtfcictive 
in only one direction, doubly refractive in all others. The same 
substance may, under different circumstances, crystalline in differ- 
ent systems, and will then display the properties appropriate to 
each system. 

Not only the refractive powers of a crystal, but also its mode of 
expansion when heated, and its conductivity of electricity and heat 
are controlled by the molecular structure which determines its 
shape. 

The crystals of the isometric system, which have their three axes 
of equal length, are singly refractive in all directions, expand 
equally when heated, and conduct heat and electricity equally in 
all directions. Those of the tetragonal and hexagonal systems, 
which have one axis longer or shorter than the others, are doubly 
refractive along the lateral axes, expand equally when heated, and 
show equal conductivity along these axes. Along the principal 
axis they are singly refractive, expand to a different degree when 
heated, and display a different conductivity along this axis than 
along the others. In the orthorhombic, monoclinic, and triclinic 
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systems, which have all the axes of unequal lengths, the crystals 
are singly refractive in two directions; they expand unequally and 
conduct dilTerently along all their axes. 

The optical properties of minerals are of great value in the 
study of rocks, and by the aid of the polarizing microscope very 
minute crystals may he identified. 

Cleavage (see p. ii) is still another physical property, the 
dependence of which upon crystal form is very clear. 

Most inorganic substances which are solid under any circum- 
stances are capable of assuming a crystal form, so that solidi- 
fication and crystallization arc usually identical. For the forma- 
tion of large and regular crystals, it is necessary that the process 
be gradual and that space be given for the individual crystals to 
grow. Usually crystallization begins at many points simultane- 
ously, and the crystals crowd upon one another, resulting in a 
mass of more or less irregular crystalline grains. The same sub- 
stance which, when very rapidly solidified, forms an amorphous 
glass, will give rise to distinct crystals, if slowly solidified. 

Crystallization requires that the molecules be free to move upon 
each other, and thus to arrange themselves in a definite fashion. 
It may take place either by the deposition of a solid from solu- 
tion, by cooling from a state of fusion, or by solidification from 
the condition of vapour. In all cases the .size and regularity 
of the crystals depend upon the time and space allowed for 
their growth. In a manner not yet understood, amorphous 
solids may be converted into crystalline aggregates. This has 
been observed in the case of certain glassy volcanic rocks, which, 
though amorphous when first solidified, have gradually become 
crystalline, without losing their solidity, and a similar change has 
been observed in certain artificial glasses. This process is called 
devitrification. 

The actual steps of crystallization may be observed by slowly 
evaporating a solution of some crystalline salt under the micro- 
scope. The first visible step in the process is the appearance of , 
innumerable dark points in the fluid, which rapidly grow, until 
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their spherical shape is made apparent. The globules then begin 
to move about rapMly and arrange themselves in straight lines, 
like strings of beads, and next suddenly coalesce into straight rodvS. 
The rods arrange themselves into layers, and thus build up the 
crystals so rapidly, that it is hardly possible to follow ^ steps of 
change. In certain glassy rocks, which solidified too quickly to 
allow crystallization to take place, the incipient stages of cr3^s^als, 
in the form of globules and hairdike rods, may be detected with 
the microscope. 

Forms and Combinations. — - A jorm is an assemblage of faces, 
all of which have similar relations to the axes. Two or more 
forms occurring as a single crystal constitute a combination. 
Only forms belonging to the same system can occur in combina- 
tion, but, even with this limitation, the variety and complexity 
of crystals are very great. Certain forms occur which may be 
regarded as developed from other forms by the suppression of 
one-half or three-quarters of the faces of the latter. 

Irregularities of growth (distortion) are very common, some 
faces of a form being larger than others, w^hile certain faces may 
even be obliterated; but however great the variation, the angle 
at which corresponding faces meet invariably remains constant 
for each mineral 

Massive and imperfectly crystallized minerals may consist of 
grains, fibres, or thin layers Qaminm). 

’ Hardness. — ^The hardness of minerals is a useful means of iden- 
y For this purpose they are referred to a scale of 

siipioto from such soft substances as may be readily 

’ with the finger-nail, to the hardest known substance, 

diamond. The degree of hardness is expressed by the numerical 
‘/■"' place of the mineral in the scale, and intermediate grades are 
' indicated by fractions. Thua a mineral which is scratched by 

with equal ease, has a hardness of 
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I* Talc. 

2. Gypsum. 

3. Calcite. 

4. Fluorite* 

5. Apatite. 


6. Ortlioclase, 

7. Quartz. 

8. Topaz. 

9. Sapphire. 

10. Diamond. 


Cleavage. “Many minerals split more or less readily in certain 
fixed directions, while in other directions they break irregularly. 
This property is called c/eat'afc. Cleavage is uniform in different 
crystals of the same mineral, a!id is parallel to actual or possible 
crystal faces. 

Pseudomorphs occur when one mineral assumes the crystal 
form proper to another. This may take place either by the addi- 
tion or the removal of certain constituents, or some constituents 
may be removed and others substituted for them. The entire 
substance of a mineral may be removed and its place taken, 
molecule by molecule, by another, retaining the form, sometimes 
even the cleavage, of the finst The study of pseudomorphs is 
often of the greatest service;* as throwing light upon the history 
of the rock in which they occur. 

Compotmd crystals are formed T)y the joining t>f simpde crystals. 
When two half crystals are united aking a plane in such a way 
that their faces and axes do not correspond, they are said to be 
twinned. When the twinning Is repealed almig numerous parallel 
planes, the crystal is a poiysvfithetic twin. Two crystals united at 
the ends to form a riglit angle are called geniculuk^ while two 
geniculate crystals may be so combined us to form a cross, and 
then are said to be cruciform. 

Rock-forming Minerals. — The number of known minerals is 
large and constantly increasing, but only a few enter in any 
important way into the constitution of the earth^s crust. We 
now proceed to a consideration of these constituent miharals, ' 
which are called rock -forming minerals, because the rocks are 
a^egations of them. It must be emphasized that the student 
, icim gain no real knowledge of minerals or rocks by merely rea4i3|g 
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about them; it is necessary that he should familiarize himseii 
with actual specimens, 

A. MINERALS COMFOSEB OF SILICA 

Next to oxygen, silicon is by far the most abundant constituent 
of the earth's crust, though never occurring alone. It is united 
with oxygen to form silica (SiO^) or enters into the formation of 
more complex compounds. 

1. Quartz (SiOy) is anhydrous silica in a crystalline state and is 
one of the most abundant of minerals. It belongs in the hexag- 
onal system, and crystallizes in hexagonal prisms caj:>ped by 
six-sided pyramids, or in double six-sided pyramids, or in modi- 
fications of these forms. It is insoluble in acids, except hydro- 
fluoric, and only very slowly soluble in boiling caustic alkalies. 

Quartz has no cleavage and is very hard (H= 7), scratching 
glass readily, while it cannot be scratched with a knife; the spe- 
cific gravity (sp. gr,) is 2,6, 

When pure and symmetrically crystallized, quartz is transparent, 
colourless, and lustrous (rock cr3^stal), but it more commonly is 
found in dull masses. Many different colours are |>roduced by 
minute quantities of foreign substances in the crystals. . 

2, Chalcedony occurs in spheroidal or stalactitic masses, com- 
posed of more or less concentric shells. The chemical composition 
and behaviour of this mineral are the kime as in quartz, but the 
specific gravity is somewhat lower, and the optical properties 
are different. Chalcedony has a waxy appearance, and is trans- 
lucent or semi-opaque, and of various pale colours. 

, 3, Flint and Chert are mixtures of hydrated and anhydrous 
silica. They occur in amorphous masses of neutral or dark colours, 
and are opaque, or somewhat translucent in thin pieces. 

B. MINERALS COMPOSED OF SILICATES 

. ’There are several silicic acids, which form a very extensive 
series of compounds with various metallic bases. As rock-form- 
Jttf minerals the silicates are of the first importance. 


THE FELSPAR GROUP 1 3 

L The Felspar Group 

The felspars are essentially siiicates of alumina (AI2O3) to- 
gether with potash, soda, or lime. OrthtKJase imd m 
are potash felspars (KgO, AlAj, 6 SiOs); albite is a soda felspar 
(NaoO, AI 3 O 3 , 6 SiOa); and anorthUe, a lime felspar (CaO, 
AI2O3, 2 SiOs)/ From the combination of these two series are 
formed: the lime-soda series, oligodase^ andesine^ and labradoritei 
the plagiociases, and the potash-soda series, anorfhoclase. 

The felspars crystallize in either the monoclinic or tri clinic sys- 
tems, but the forms of the crystals are very much alike. With 
few exceptions, these minerals are of pale colours and, except 
when decomposing, are very hard. ' 

I, Monodinic Felspars 

Orthoclase is a potash felspar (K2O, AbOs, 6 Si02— K,AI, 
SigOs), though soda may replace part of the potash. Hardness 
=6, sp. gr. ==2.54-2.57, Orthoclase crystallizes in oblique rhombic 
prisms and is very generally twinned; there are two sets of cleav- 
age planes, which intersect at a right angle and have thus given 
its name to the mineral. Orthoclase is usually dull and turbid, 
which is due to tlie presence rd various alteration products, and 
even thin sections under the microscope are c<>mmonly hazy. 
Sanidine is a glassy, transparent variety of orthoclase, which is 
found in lavas of late geological date. Its clearness is due to the 
absence of the decomposition products, which render ordinary 
orthoclase turbid. 

2. Tridinic Felspars 

The minerals of this series are grouped together under the com- 
prehensive term of Flagiodase^ because of the difficulty of distin- 
guishing them from each other under the microscope; they are 
very generally characterized by polysynthetic twinning, which 
makes fine parallel lines on the basal cleavage planes. Chemi- 
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cally, they arc isomorphous mixtures of aibite and anorthite. The 
following table (from Levy and Lacroix) gives the composition of 
the various members of this series, representing the soda-felspar 
constituent, ox alhite, by Ab, and the lime-felspar constituent, or 
anorthite^hy Kn:-- 


Name 

Composition 

Specifk? Gravity 

Aibite . . 

. . Ab . . . . 

■ . .2.02 ■ 

Oligoclase . 

. . AbioAm 

. . 2.65 

Andesine . 

. . AbsAiu . . . 

. . 2.67 

Labradorite 

. . AbgAns ♦ . . 

. . 2.70 

Anorthite . 

. . An . . . . 

, .. ' ■ 


It will be observed that the specific gravity increases with the 
lime constituent, and the fusibility diminishes in the same propor- 
tion. Anorthite is decomposed by hydrochloric acid, labradorite 
is slightly attacked by it, while the other members of the series 
are not affected. 

Anorthoclase is a triclinic potash-soda felspar (Ab-iOri), but is 
less common than the plagioclases as a constituent of rocks. 

Microclme has the composition of orthoclase and plays a similar 
r 61 e in rocks, but crystallizes in the triclinic instead of the mono- ’ 
clinic system. 

IL The Felspathoid Group 


; These minerals are very closely allied to the felspars in chemi- 
' <^1 composition and geological relations, but differ from them in 

^ ' crystal form and physical properties. They have a much more 
restricted distribution than the felspars, but have, nevertheless, 
\ an important bearing upon the classification of certain groups of 
rocks in which they occur. 

' ^ r. Nepheline is a silicate of potash, soda, and alumina (Na, K)2 
|;i " 0(Al203> 28102). It crystallizes in transparent and colourless 
; sfe??-sided prisms, of the hexagonal system. sp. gr.=2.6. 

. ft IS an important constituent of certain lavas. 

is„,.composed „as iollows:_„ i:20,.A403, ,4 SiOg, with 

'iloj^e of tt#.. potash replaced bvsoda. Jt; crat^lliza in twenty- 





IV. The Amphibole and Pyroxene Groups 

These two groups contain parallel series of minerals of similar 
chemical composition, but differing in their crystalli^tion and 
physical properties. In composition they range from silicates of 
; pt;; Time 


amphibode and pyroxene groups 


four-sided figures (trapezohedrons) , which belong to the tetrag- 
ona! system, but can be distinguished from the isometric only by 
ver} careful measurement. H===s.5-5,6; sp. gr. = 2.4^^ 

in. The Mica Group 

These minerals have a complex chemical composition, and are 
so variable that it is difficult to give fofmuke for them; they are 
silicates of alumina, together .with potash, lithia, magnesia, Iron, or 
manganese. When crystallized, the micas all form six-sided 
prisms, which, though of hexagonal habit, are in reality mono- 
clinic. All varieties have a remarkably perfect cleavage, and split 
into thin, elastic, and flexible leaves, by which they may be readily 
recognized. They are quite soft, and most of them may be 
scratched with the fmger-nail 

1. Muscovite may be selected as the most important and 
wide-spread of the numerous alkaline micas, with the general 
formula, K^O, 3 AbOa, 6 SiOs, 2 H2O, It is a lustrous, silver}?- 
white mineral, usually transparent and colourless in thin leaves; 
it has a speciflc gravity t)f 2.76-3.1, and a hardness of 2,1-3, 

Sericite is a silvery or pule green form of muscovite, which is 
an alteration product ami often is derived from a felspar* 

2, Biotite is the most important and widely disseminated of the 
numerous dark-coloured, ferromagnesian micas, This mineral is 
black or dark green in mass, and smoky even in thin leaves; 
chemically it is a silicate of potash, alumina, iron, and mag- 
nesia, In hardness and specific gravity it differs little from 
muscovite. 
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present in most of them. • They belong to the orthorhombic and 
monoclinic systems, and can be distinguished by their cleavage. 
The pyroxenes have a prismatic cleavage of nearly 90^, while in 
the amphiboles the angles are 124"^ 30' and 55"^ 30^ The ortho- 
rhombic amphiboies are rare and unimportant as rock-forming 
minerals, but the pyroxenes of this form are widely distributed, 
though less so than the monocllnic. 

a. Orthorhombic Pyroxenes are silicates of magnesia and iron 
(Mg, Fe)0, SiOs, 

1. Enstatite has less than 5 % of FeO. 

2, Bronzite has 5-14 % of FeO. 

■3. Hypersthene has more than 14 % of FeO. 

The colour becomes darker and the optical properties change 
with the increase in the percentage of iron. 

b. MonocUnic Pyroxenes. 

1. Augite, — This very abuiulant a important mineral is a 
silicate of Mme, magnesia, iron, and alumina (Cki, Mg, Fe O, 
(Al, Fe)208, 4 SiOg. Sp. gr.~3.3---3.5; H=s-6. It crystalHxes 
in oblique rhombic prisms, and in colour is green to black and 
opaque, 

2, Diallage is a variety of augite, usually of a green colour, 
which is distinguished by its laminated structure, with lustrous 
faces, 

c. Monoclinic Amphiboles. 

1. Hornblende, like augite, which it closely resembles in chemi- 

cal composition, is among the most important of rock-forming 
minerals. In colour it is usually green, brown, or black, and it 
crystallizes in modified oblique rhombic prisms. Sp>. gr.=2.9- 
3.S;;H.-s^6. , • 

2. Tremolite is a silicate of magnesia and lime (Ca, Mg) 0 , 

. SiOg. This mineral is pale green or white and occurs in lamina or 
: long, blade-like crystals. 

3. Actinolite resembles tremolite in composition, with the addi-^ 
tion . of iron (Ca, Mg, Fe) 0 , SiOg. Colour, green; sp. gr.=s 

■3-3,21 usually occurs in long and thin crystals. A fibrous variety 
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of tremolite or actmolite, in which the fibres are often like flexible 
threads and may be woven into cloth, is called asbesius. 

V/ The Olivine Group 

Olivine is the only mineral of this group of sufficient impor- 
tance to require mention; it is a silicate of magnesia and iron, 
2(Mg, Fe)0 SiOs, though the percentage of iron varies greatly, 
Spv gr.=3.2~3.5; H~6.5~7. Olivine crystallizes in the ortho- 
rhombic system, and occurs in prisms, flat tables, or Irregular 
grains. The colour varies from olive-green to yellow, or It may 
be colourless, and usually the irregular grains look like fragments 
of bottle glass* 

VI. The Epidoxe Group 

EpMote is a silicate of alumina, with iron and lime, the different 
varieties being named according to the preponderance of one or 
other base. Iron-epidote {Pistazite) forms monociinic crystals, 
with a specific gravity of 3. 2-3.5, and a hardness of 6-7. Lime- 
epidote {Zoi$ite)j which has little or no iron, is orthorhombic. 

VII. The Garnet Group 

The Garnets are highly complex silicates of alumina, iron, lime, 
magnesia, chromium, and manganese, though in most cases only 
two or three of the l>ases are present in any considerable quantity, 
and the different varieties ha^'e received names in accordance 
with the predominating bases. They usually crystallize as dodeca- 
hedrons, or twelve-sided figures. Sp. gr.=3.4"”4.3; H==6.5-7,s. 
Clear and brilliantly coloured garnets are considerably used in 
jewellery. 

The commonest variety (Ahnandine) is a silicate of alumina and 
iron, and is usually red, 

C. OTHER SILICATES, CHIEFLY RECOMPOSITION PROBUCTS 

Many of the complex silicates, when long exposed to the action 
of the w^eather and of percolating waters, become more or less 
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profoundly changed chemically, a change which is known as 
alteration and forms an early stage of decay. One of the common- 
est of these changes is hydration, or the taking up of water into 
chemical union, and this may be accompanied by the loss of soluble 
ingredients, or the replacement of some constituents by others. 


I. Zeoxjtes 


In this group are included a large number of minerals, which 
are hydrated silicates of alumina, potash, soda, lime, etc. They 
all contain water and hence boil and effervesce when heated 
before the blowpipe. All these minerals are products of decom- 
position and do not occur as original constituents of rocks. 


11. Talc 'and Chlorite Groups 


irl' 


/ I : 









I. Chlorite. — Under this name are grouped a number of closely 
allied minerals, which are hydrated silicates of alumina, magnesia, 
and iron. They are soft minerals, with a hardness of i-i .5 and a 
specific gravity of 2.6‘“2,96, and are usually of a green colour. 
They crystallize in the monoclinic system, with a pseudo-hexagonal 
symmetry. These minerals are laminated and split readily into 
thin leaves, as do the micas, from which they may be distinguished 
by the fact that the leaves are not elastic. 

The* chlorites result from the decomposition of hornblende, 
augite, or the magnesian micas. 

; 2. Talc is a hydrated silicate of magnesia, 3MgO, 4 SiO^, H^O; 
the water varies in amount to as much as 7 percent Sp. gr, =52,56- 
2,8; H=i. It is of a white or pale green colour, with a pearly 
: lustre and a greasy, soapy feeling to the touch. Talc is rarely found 
crystallized; the crystals have a false hexagonal symmetry, and it 
' is doubtful whether they should be referred to the orthorhombic 
: or m6noclinic systems. Usually it occurs in flakes or foliated 
. masses, which split into thin, non-elastfc leaves. Talc results from 
' 'alteration , of magnesian minerate,' „,V;-vA 
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CALCAREOUS MINERALS 

3. Steatite, or Soapstone, has the same eomposition as talc, but 
is not foliated, and may be much harder, as much as 2,5. 

4. Serpentine is a hydrated silicate of magnesia and iron: 
3(Mg, Fe) 0 , 2 SiOs, 2 HgO. It does not crystallize, but is rather 
common in pseudomorphs, Sp* gr. = 2,5-2.65; H ==2.5-4. Its 
proper colour is green, but it is usually mottled with red or yellow 
by iron stains. Serpentine is generally formed from the decay of 
olivine, less commonly from augite, or hornblende. 

Kaolinite is the hydrated silicate of alumina, Al20:^, 2 SiOg, 

2 H2O. It is usually soft and plastic, but orthorhombic crystals of 
pseudo-hexagonal symmetry may be sometimes detected with the 
microscope. Kaolinite arises from the decomposition of the fel- 
spars and especially of orthoclase. 

Glauconite is a hydrated silicate of iron and potassium, with 
small quantities of alumina, lime, magnesia, and soda. It is of a 
green colour, soft and friable. 

D. CALCAREOUS MINERALS 

I. Calcite, carbonate of lime, CaCX)fj. Sp. gr.ss2.72; 11=3. 
This mineral crystallizes in the hexagonal system, in a great vari- 
ety of forms; rhombohedrons and scalenohedrons are common; 
hexagonal prisms and pyramids less so. Cleavage is very perfect, 
parallel to the faces of a rhombohedron, and the mineral breaks up 
into rhombohedrons when struck a sharp blow. Calcite is rapidly 
attacked, even by cold and weak acids, CO2 escaping with effer- 
vescence, Wlien pure, as in Iceland spar, the mineral is colour- 
less, very transparent, and lustrous, and displays the phenomenon 
of double refraction strongly; but more commonly it is cloudy or 
white, or stained red or yellow by iron. It is soluble in water 
holding COg, affording calcium bicarbonate which is found in 
nearly all natural waters. It is widely diffused among the rocks, 
aiid in a state of varying purity forms great masses of limestone. 

^ Aragotiite (CaCOs) is somewhat harder and heavier than,<u 
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caldte, with a specific gravity of 2.93 and a hardness of 3.5-4, 
and crystallizes in compound prismatic forms which belong to the 
orthorhombic system. It has not the marked cleavage of calcite 
and is less stable as a rule; when heated it is converted into calcite 
and falls into tiny rhombohedrons of that mineral 

3. Dolomite is a carbonate of lime and magnesia (Ca, Mg) CtX-c, 
it resembles calcite in appearance, and crystallizes in rhombohe- 
drons which often have curved faces. Sp. gr. = s.tS-a.g; H = 3.5-4. 
Dolomite may be readily distinguished from calcite by the fact 
that cold acids affect it but little. 

4. Gypsttm, hydrated sulphate of lime, CaS04, 2 HgO. Sp. gr. 
= 2.31-2.33; H = 1.5-2. It crystallizes in right rhomboidal 
prisms, belonging to the monociinic system, and cleaves into thin, 
non-elastic leaves. When pure, gypsum is transparent and colour- 
less, but is often stained by iron. This mineral occurs largely in 
granular masses, from which plaster of Paris is made by calcining 
the gypsum and, so driving off the water of crystallization. 
Alabaster is a gypsum of especially fine grain, mottled in pale 
colours, or white. Selenite is a transparent variety. 

5. Anhydrite, CaS04, is sulphate of lime without water; it is 
harder and heavier than gypsum (Sp. gr, == 2.9-2.98; 11 = 3-3.5), 
and crystallizes in a different system, the orthorhombic. The 
crystals have three sets of cleavage planes, which intersect each 
other at right angles. 

6. Apatite is a phosphate and chloride or fluoride of calcium, 
3(Ca8P208), 2(Ca, Cl, F), Sp. gr. = 2.92-3.25; H = s. It crys- 
tallizes in hexagonal prisms, terminated by hexagonal pyramids, 
and also occurs in masses. It is sometimes transparent and colour- 
less, but more common]^ opaque brown or green. Apatite is solu- 
ble in acids, and in water containing carbon dioxide, or ammonia; 
and gives rise to a valuable plant food. 

V, Fluorite,, fluoride of calcium, CaFg. Sp. gr. =3.01-3.25; 
H=s= 4* Crystallizes in the isometric system, usually in cubes, and 
has a perfect octahedral cleavage. When pure, fluorite is either 
dear and colourless, or blue, green, yellow, or brown* 
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E. moif MIHERALS 

1. Haematite, or Specular Iron, is ferric oxide, FegOs. Sp. gr, = 
4. 5-5.3; H==6.s. Crystallizes in rhombohedrons, or more 
commonly, in nodular masses. The colour is black, steel-grey, 
or red, and always is red when the mineral is finely powdered. 
Htematite frequently contains earthy and other impurities and is 
one of the most important ores of iron. 

2. Litnonite, or Brown Hamiatite, is hydrated ferric oxide 
(2 FcoOs, 3 H2O) containingmore than 14% of water. It is softer 
than htematite and of a yellow or brown colour. Sp. gr. =3.6-4; 
H=S--5'S* ' ■ 

3. Magnetite is the black oxide of iron, Fei)04 (or FeO, Fe^Os). 
Sp. gr. = 4.9-s.2; H== s.5-6.5. Crystallizes in the isometric 
system, usually in octahedrons, sometimes in dodecahedrons. 
This mineral is strongly magnetic and is black in colour, with a 
bluish-black metallic lustre, when viewed in reflected light Mag- 
netite is widely diffused in certain classes of rocks, and also occurs 
in veins and beds, which form an important source of supply of 
the metal 

4. Iknenite is an oxide of iron and titanium (Ti, Fe)aOs- Sp. gr. 
=54.5-5.2; H = 5-6. When crystallized, this mineral is rhom- 
bohedral, but is generally massive. 

5. Siderite is ferrous carbonate, FeCOa. Sp. gr. = 3.7-3.9; 
H = 3*5-4. S- Crystallizes in rhumbohedrons, the faces of the crys- 
tals frequently much curved, and often the crystals are very mxich 
flattened. When fresh, the mineral is grey or brown. It is but 
slightly acted on by cold acids; hot acids dissolve it with effer- 
vescence. Mixed wdth day, siderite forms day iron-stone, a 
valuable ore. 

6. Pyrite, or Iron Pyrites, bisulphide of iron, FeS^. Sp. gr. 
=i=4,9-5,2; H — 6-6,5. Crystallizes in the isometric system, usu- 
ally in cubes, sometimes in dodecahedrons, and has a very char- 
acteristic brassy lustre and colour, to which it owes the popular 
name of fools’ gold/’ It is very hard, cannot be scratched 
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vith a knife, and strikes fire, like flint, when struck with steel, 
rhe mineral is soluble in nitric acid: it is widely disseminated 
n the rocks. 

7. Marcasite, or White Iron Pyrites, has the same composition 
LS pyrite, but crystallizes in the orthorhombic system, in modified 
)risms, but more commonly occurs in nodular masses, with a radial 
tructure. It has the same hardness as pyrite, but is not quite 
0 heavy. Sp. gr. =4.68-4.85. In colour it is ])aier than pyrite, 
vith a tendency to grey, green, or even black. It decompo.ses 
^ery readily, and after a few months^ exposure, even to dry air, 
►f ten crumbles to a whitish powder. 

The iron minerals are seldom largely represented in any given 
ock, with the exception of the ore beds; but iron is one of the 
nost widely diffused of substances, few rocks being altogether free 
rom it, and its various compounds play a very important role as 
olouring-matter in the rocks. 



PART I 


DYNAMICAL GEOLOGY 


W.E have already seen that the chief task of geology is to con- 
struct a history of the earth to determine how and in what order 
the rocks were formed, through what changes they have passed, 
and how they reached their present position. The logical order 
of treatment might seem to require that we should first learn what 
the rocks are, of what they are composed, and how they are 
arranged, before attempting to explain these facts, In such a 
study, however, we shouki meet with so much that would be quite 
unintelligible, that a more convenient way will be to begin wn*th 
a study of the agencies which are at "work upon and within the 
earth, and which tend to modify it in one or other particular. In 
other words, we must employ the present order of things a key 
by means of which to decipher the hieroglyphics of the past, and 
proceed from what may be directly observed to past changes 
which can only be inferred. 

We might assume that the present was so radically different 
from the far-distant past, that the one could throw no light upon 
the other. Such an assumption, however, would be most illogical, 
for there is nothing to support it. There is no reason to imagine 
that physical and chemical laws are different now from what they 
have always been, and the more we study the earth, the more 
dearly we perceive that its history is a continuous whole, deter- 
mined by factors of the same sort as are now continuing to 
modify it. Some geologists have assumed that these agencies have., 
always acted with just the same intensity as they do tmt 
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this assumption is neither necessary, nor in itself probable. 
There is, on the contrary, much reason to believe that while cer- 
tain forces act with greater efficiency at the present time than 
they did in the past, others act with less. 

An attentive examination of the changes which are now in pro- 
gress on the surface of the earth, will show us that nothing terres- 
trial is quite stable or unchangeable, l>ut that there is a slow, 
ceaseless circulation of matter taking place on the surface and 
within the crust of the globe. Matter, chemistry teaches us, is 
indestructible, and, disregarding the relatively insignificant amount 
of material which reaches us from outer space in the form of 
meteorites, the sum total of matter composing the globe remains 
constant. But while practically nothing is added to or taken away 
from the materials which make up the earth’s crust, ceaseless 
cycles of change continually alter the position, physical relations, 
and chemical combinations of those materials. This circulation 
of matter may be aptly compared to the changes which take place 
in the body of a living animal, only, of coui\se, they are of a differ- 
ent kind and are effected at an infinitely slower rate. In the ani- 
mal body, so long as life lasts, old tissues break down into simpler 
compounds and are ejected, while new tissues are built up out 
of fresh material. So, on the earth rock-masses decay, their 
particles are swept away, accumulate in a new place, perhaps far 
distant from their source, and are consolidated into new rocks, 
which in their turn are attacked and yield materials for further 
combinations. The study of the physical and chemical changes 
in the bodies of animals and plants constitutes the science of 
physiology, and by analogy we may call dynamical geology the 
physiology of the earth’s crust. Analogies, however, must not 
be pushed too far, or they land us in absurdity. One essential 
difference between the earth and a living organism suggests itself 
at once; namely,- that the former is self-contained, and neither 
ejects old material nor receives new, but employs the same matter 
over and over again in ever-varying combinations. The animal or 
plants on the contrary, continually takes in new material from 
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without, in the shape of food, and ejects the waste resulting from 
the breaking down of tissu^^^ 

Although the earth needs no fresh supplies of matter, its dynami- 
cal operations are, to a very large extent, maintained by energy 
from without; namely, from the sun. The circulation of the winds 
and waters, the changes of temperature, and the activities of living 
beings, all depend upon the sun’s energy, and were that with- 
drawn, only such changes as are brought about by the earth’s 
internal heat could continue in operation. 

The study of dynamical agencies, subterranean and surface, 
necessarily gathers together an enormous mass of detail. But we 
need concern ourselves with only so much of this as throws light 
upon the earth’s history, so that the sciences of dynamical geology 
and physical geography, though having much in common, are 
not coextensive. In order to make clear the operations of the 
forces which tend to modify the surface of the earth, it is neces- 
sary that we should classify and arrange them, so that they may 
be treated in a more or less logical order. However, in making 
such a classification, it is impossible to avoid entirely a certain 
arbitrariness of arrangement, since we must consider separately 
agencies that act together. Natural |)henomena are not due to 
single causes, but to comlnnations and series of causes, and yet, 
to make them intelligible, they must be treated singly or in simple 
groups, else we shall be confronted by a chaos of uncorrelated 
facts. The career of a raindrop, from its first condensation to its 
entrance into the sea through the mouth of some river, is a con- 
tinuous one, yet rain and rivers are distinct geological agencies and 
do different kinds of work. Again, the very important way in 
which the various dynamical agents modify, check, or augment 
one another, must not be overlooked in a systematic arrangement 
of these agents. 

Some of the agencies that we shall consider may seem, at first 
sight, to be very trivial in their effects, but it must be remembered 
that they appear so only because of the short time during which , 
we observe them. For enormously long periods of time they 
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have been steadily at work, and their cumulative effects must 
not be left out of account in estimating the forces which have 
made the earth what we find it. 

Much as may be learned by the study of the operation of the 
forces which are still at work in modifying the earth, this method 
of study is yet insufficient to solve all geological prof>lenis. Many 
of the changes which have indisputably taken place are such as 
no man has eve; observed, because they are brought about so 
slowly or so deep down -within the crust that no direct observation 
is possible, and we can only infer the mode of ]>rocedure by 
examining the result. No human eye has ever witnessed the birth 
of a mountain range, or has seen the beds of solid rock folded 
and crumpled like so many sheets of paper, or observed the pro- 
cesses by which a rock is changed in all its essential characteristics; 
‘‘ metamorphovsed,’^ as it is technically called. All such problems 
must be discussed in connection with structural geolcigy. 

The dynamical agencies may, primarily, be divided into two 
classes: I, the StiUerraman Agencies, wffiich act, or at least origi- 
nate, at considerable depths -within the earth; and 11, the Surface 
or Superficial Agencies, whose action takes place at or near the 
surface of the earth. The former arc due to the inherent energy 
of the earth, and their seat is primarily subterranean, though their 
effects are very frequently apparent at Ihe surface. These agen- 
cies are also called igneous (from ignis, fire), which is a misnomer; 
but the term is nevertheless in common use. The surface agents 
are those which are derived from the energy of the sun. , 

The logical order of treatment of these subjects Is to begin with 
the subterranean agencies, because the most ancient rocks of the 
were doubtless formed by these forces, and the drcu- 
" of matter upon and through the crust started originally 
i^ous roch 

I The subterranean agents originate, primarily at least, either be- 
f:l 6 w. 0 T deep within the lithosphere, while the surface agents origi- 
;'y ; \,nate ,at the surface and penetrate to varying depths. Thus it 
at ceriam.kvds.,and along oertam 

- .J' 


fe- 


* 


DYNAMICAL GEOLOGY 



of agents have a common place of activity and cooperate to pro- 
duce effects which neither could produce alone. We may regard 
the lithosphere as composed of a series of concentric shells, in each 
of which the conditions of pressure and temperature differ from 
those of the other shells and ^ in consequence, the characteristic 
chemical and mechanical processes are different in each. Depth 
is thus a controlling factor of great importance in the operation 
of the dynamical agencies. Under any given set of conditions, 
minerals tend to form which remain permanent under those 
conditions ” (Van Hise), but when new conditions arise a readjust- 
ment begins and new combinations are formed. 

The outermo.st of the concentric lithosphere-shells (the thick- 
ness of which cannot be definitely stated, but may be as much as 
20,000-25,000 feet) is characterized by a tendency of the minerals 
to change from more complex to simjder compounds. At greater 
depths, this tendency is reversed and the change is from simpler to 
more complex compounds. Changes of this class constitute the 
process of mekwior phisni^ to which the metamorphic rocks owe 
their origin, but, locally, metamorphisni may occur at much 
higher levels and even very near the surface. It may be doubted 
whether any cheniical recombinations occur at very great depths. 

The boundaries of the concentric shells are not always definite, 
one shell gradually passing into another, nor are they alwa}^ 
fixed, but may ffuctuate from time to time within certain limits* 
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SECTION I 

SUBTERRANEAN OR IGNEOUS AGENCIES 

CHAPTER I 

DIASTROPBISM. EARTHQUAKES 

The subterranean agencies are those which are due to the earth’s 
own inherent energy and arise deep within the earth’s interior, 
though they are often displayed at the surface in a most striking 
manner. No problems of geology are more difficult and obscure 
than those connected with the internal constitution of the earth, 
and satisfactory explanations of the subterranean processes have 
cot yet been devised. 

Thffie agencies fall naturally into two great groups: I, Dias- 
tropkism, or the movements of the earth’s crust; and II, Vulcan- 
«m, or the phenomena of volcanoes, geysers, thermal springs, etc., 
w 1 e a third set of phenomena, Earthquakes, is intimately asso- 
ciated with each of the others, but, on account of its great im- 
portance, will require separate treatment. It is extremely prob- 
able that all of these so-called igneous processes are but different 
molestations of the same forces, in ways that we cannot yet clearly 
underatand, but, until the physical constitution of the earth’s 
interior shaU have been determined, such unity of origin cannot 
be defimtely proved. 

^ differential movements of 

ffie hthosphere, whether upward, downward, or horizontal, and 
e er s ow and imperceptible, or sudden and violent. These 
movemente are of different kinds and may be classified as follows : 
^ Progemc (Greek Oros, a mountain), the upheaval of long and 
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relatively narrow belts of land by compression and crumpling of 
the rocks. As will be shown in a later chapter, the orogenic pro- 
cesses take place at considerable deptlis below the surface and 
hence cannot be directly observed; they arc included here merely 
for the sake of completeness, for the study of them belongs properly 
to structural geology. II, Epeirogenk (CIreek EpeiraSy a conti- 
nent), the broad uplift or depression of areas of the land or of the 
sea-bottom, in which the strata are not folded or crumpled, but 
may be tilted or may retain their original horizontal attitude. 
Movements of this class may be distinguished as (i) Warping j or 
Bradyseisnt (Greek Bradys, slow ^ und earthquake), which 

is a broad gentle curving of the surface upward, upwarp, or down- 
ward, dowmvarp; (2) direct upheaval or depression, with frac- 
turing and dislocation of the rocks, which may be accompanied 
by a tilting of the strata. Diaslrophic movements of this class 
are almost, if not quite, invariably associated with earthquakes 
and can be most conveniently studied in connection with the latter. 

Warpings or bradyseisms manifest themselves most clearly as 
changes of relative level between land and sea, because even slight* 
changes of that character are often easily detected, while in the 
interior of the continents they can be demonstrated only under 
exceptionally favourable circumstances* 

Changes of Level 

Permanent changes of level frequently accompany earthquakes, 
but these are sudden and apjjear to be nearly always the result 
of dislocation or faulting. By change of level, in the general sense, 
is meant the gradual elevation or subsidence of land, with reference 
Id the sea, over considerable areas. Such movements are very 
slow and hence are apt to escape observation, so that there is 
much dispute as to the facts and still more as to their interpretation. 

The change may be in the land or in the sea; any important and 
permanent change in the hed of the sea must affect Its surface, 
but then such changes must be widespread. On the other Imndi 
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movements of the land may be either locally restricted or of great 
extent. The absolute direction of the movements we have no 
means of determining; that is, whether at a given point the earlh''s 
radius is shortened or lengthened. The movement may be 
always downward, but at different rates in adjoining areas, or 
may be sometimes in one direction and sometimes in the other. 
In view of these uncertainties, it has been proposed to avoid the 
use of the terms, elevation and depression of and to 

substitute for them negative and positive displacements of the 
coasMine,^’ respectively. For the sake of convenience, it will be 
best to retain the older and more current terms, without insisting 
that in all cases the land moves rather than the sea. 

It is by no means true that all dis]>iacements of the coast-line 
are diastrophic in origin; other processes that produce similar 
results must be carefully distinguished from actual changes of 
level. Thus, in many places the sea is advancing upon the land 
by cutting back its shore, and areas which once were covered with 
farms and villages are now permanently underwater; but this is 
"not due to any sinking of the land. Another process w'^hich 
simulates depression is the settling of loose masses of sediment, 
which sometimes allows the sea to cover a flat coast. In other 
,plac^ the sea is building up the coast by depositing sand upon 
it, extendi^ it seaward, and rivers build their deltas out into 
. thef sea, but such changes are not diastrophic. 

. Along coastlines the evidences of elevation are more obvious 
those of dq:)ressioB, because the traces of marine action are 
always present on land which has recently risen from the sea, 
while a submerged land-surface is soon changed and buried out 
• of right. 

! ^ W certain coasts long inhabited by 

'^Vfeed man, a^ncient structures jike quays and bridges, which 
f ^IcVbhilt in the water, may now be found high above it. Such 
have been not^^ the Mediterranean lands, especially 

abtlth^, -Italy. and, the. isknd,,,.of...Crete.-.The..-sO“^^^ 

Naples, is}a fanrom, amd pmk discuss^ ■ 



Fig. 1. — Columns of the “ Serapeum “ ; Pozxuoli, My 

found in the columns. Evidently, the building was once sub- 
merged to a depth of nearly 20 feet, and when under water, the 
columns were attacked and perforated by the mollusc. Just 
when the reelevation began is not definitely known, but there is 
some documentary evidence to show that it was in progress in 
the early years of the sixteenth century and was probably coiur 
pleted in 1338, when a volcanic eruption in the neighbourhood 
insulted in the formation of Monte Nuovo (see p. ' For 
.'I'.i'f ■ . ' : ■? 
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example of repeated oscillations upward and downward. This 
structure was built in Roman times and probably began to sink 
while still in use, as appears from the two ancient pavements, one 
above the other. Three large monolithic columns of marble, 
about 40 f*^ct high, are still standing erect, and on each of them 
is a belt about 10 feet above the ground and g feet wide, honey- 
combed by the boring mollusc, IMhodomus, which still abounds 
in the neighbouring bay, and many of the shells were actually 
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movements of the land may be either locally restricted or of great 
extent. The absolute direction of the movements we have no 
means of determining; that is, whether at a given point the earth’s 
radius is shortened or lengthened. The movement may he 
always downward, but at different rates in adjoining areas, or 
may be sometimes in one direction and sometimes in the other. 
In view of these uncertainties, it has been proposed to avoid the 
use of the terms, elevation and depression of land,” an<l to 
substitute for them “ negative and positive displacements of the 
coast-line,” respectively. For the sake of convenience, it will be 
best to retain the older and more current terms, without insisting 
that in all cases the land moves rather than the sea. 

It is by no means true that all displacements of the coast- line 
are diastrophic in origin; other processes that produce similar 
results must be carefully distinguished from actual changes of 
level. Thus, in many places the sea is advancing upon the land 
by cutting back its shore, and areas which once were covered with 
farms and villages are now permanently underwater; but this is 
1aot due to any sinking of the land. Another process which 
simulates depression is the settling of loose masses of sediment, 
which sometimes allows the sea to cover a flat coast. In other 
places the sea is building up the coast by depositing sand upon 
it, extending it seaward, and rivers build their deltas out into 
the sea, but such changes are not diastrophic. 

' ’ Along coast-lines the evidences of elevation are more obvious 
than those of depression, because the trac^ of marine action are 
always present on land which has recently risen from the sea, 
while a submerged land-surface is soon changed and buried out 
of sight. 

: Evidences of Elevation. — On certain coasts long inhabited by 
dviliaed man, ancient structures like quays and bridges, which 
;i^e built in the water, may now be found high above it. Such 
changes have been noted in the Mediterranean lands, especially 
in, southern Italy and the island of Crete. The so-called Sera- 
pmm at PozzuoU, near Naples, is a famous and much discussed 
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example of repeated oscillations upward and downward* This 
structure was built in Roman times and probably began to sink 
while still in use, as appears from the two ancient pavements, one 
above the other. Three large monolithic columns of marble, 
about 40 feet high, are still standing erect, and on each of them 
is a belt about 10 feet above the ground and g feet wide, honey- 
combed by the boring mollusc, LUhodomus^ which still abounds 
in the neighbouring bay, and many of the shells were actually 


Fig. I. Columns of the “ Serapeum ” ; Pozzuolir Italy 


found in the columns. Evidently, the building was once sub- 
merged to a depth of nearly 20 feet, and when under w^ater, the 
columns were attacked and perforated by the mollusc. Just 
when the reelevation began is not definitely known, but there is 
sonio documentary evidence to show that it was in progress In 
the early years of the sixteenth century and was probably com- 
pleted in 1538, when a volcanic eruption in the neighbourhood 
resulted in the formation of Monte Nuovo (see p. 66). For 
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nearly a century past a slow movement of subsidence has been 
going on. 

Rocks and cliffs long exposed to the action of the surf are worn 
and marked in a characteristic fashion and cut into terraces, and 
when found above the level at which the sea can now reach them, 
are evidences oi upheaval at that point. Such well-defined sea- 
marks high above the present sea-level are common in the high 
latitudes of the northern hemisphere and, in many places, the 
change is still in progress. The Scandinavian peninsula shows 
slow changes of level, which constitute an upwarp; the south coast 
of Sweden is stationary or sinking slightly, but elsewhere the move- 
ment is upward and increases in amount towards the interior, the 
successive terraces rising tow^ard the heads of the numerous deep 
fjords which indent the coast. These facts have been strongly 
disputed, but have recently been emphatically reaffirmed by the 
Swedish geologist De Geers, who shows that the isobasic curves, 
connecting points of equal elevation, form ellipses, the long axis 
of which coincides with, the water-shed between Sweden and 
Norwajr. Along this line, the elevation is at a maximum, reaching 
nearly looo feet, and diminishing from the axis toward the periph- 
ery. Such a result can be explained only by an elevation of the land , 
not by a withdrawal of the sea, which could not have changed 
the level of the terraces. 

Raised beaches,” filled with the remains of marine animals, 

^ are a decisive proof of a rise^f the land, or a fall in the sea, and 
evidence of a similar kind is given by raised coral reefs. Such 
raised beaches now far above the sea occur in Scandinavia, Great 
Britain, the West Indies, the west coast of South America, the 
Red Sea, and elsewhere. The eastern coast of North America 
shows marks of relatively late elevation, increasing in amount 
northward. At the mouth of the Connecticut, the highest beach 
is 40 to 50 feet above sea-level, at Boston it is 75 to 100 feet, on 
the coast of Maine it is 200, and on that of Labrador 500 feet. 
Gn the eastern shore of Hudson^s Bay the marine terraces and 
: beaches extend up to 700 feet above seadeveL 
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Still another kind of evidence of recent elevation may often be 
gained from the form and character of the coast itself, as will be 
explained in Part III. 

In the geological period (Pleistocene) immediately preceding 
the recent one, in which we are living, several Immense lakes existed 
in the interior of North America, some around the basins of the 
present Great Lakes, others in Utah and Nevada. The ancient 
shore-lines of these vanished lakes may still be seen, for the most 
part, in admirable preservation; when first formed by the action 
of the waters, these beaches must have been level, but accurate 
surveys show that they are no longer so, but have undergone ex- 
tensive warpings. 

Wherever rocks of marine origin occur on land, they prove 
the elevation of the area where they are found. The great 
importance of the process is shown by the fact that the larger 
part of all the continents is composed of rocks which were laid 
down in the sea and are of all geological dates. 

Evidences of Depression. — As ancient structures on long-in- 
habited coasts sometimes show elevation, they likewise sometimes 
show depression. On the north coast of Egypt ancient rock-cut 
tombs are now visible beneath the waters of the Mediterranean. 
The testimony of {>hl buildings shows that the eastern end of the 
island of Crete is sinking, while the west ami south coasts are 
rising. The Roman mole at Poz^uoli has sunk, as is shown by 
the mooring-rings fm' shi]is, now permanently below sea-level. 
South of Stockholm, in Sweden, the remains of an ancient hut 
were found in place, 65 feet below the surface, buried in marine 
deposits which contain shells of the same species now living in the 
Baltic. On the west coast of Greenland the sinking is so rapid as 
to have attracted the attention of the natives. 

Buried forests found below sea-level indicate subsidence. Such 
forests occur in the delta of the Mississippi, on the shores of 
Chesapeake Bay and at many points on the sea-coast of the southern 
and middle Atlantic States, notably in New Jersey, where the coast 
is sinking at a rate estimated at 2 feet per century. Submerged 
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forests are also found on the coast of Holland and along the whole 
north coast of Germany, both on the North and Baltic Seas. 

A river channel invaded and covered by the sea is still another 
proof of depression, because a river flowing into the sea cannot 
excavate the sea-bottom below the level of its month. \^ery many 
such instances are known, of which it will suffice to mention two 
or three. The ancient channel of the Hudson has been traced 
by soundings out to the edge of the continental platform, more than 
loo miles southeast of Sandy Hook. In the same manner the 
channel of the St. Lawrence may be followed out through the Straits 
of Belle Isle, and that of the Congo extends out 70 miles from the 
west coast of Africa, with a depth of nearly 1000 fathoms. 

The apparently contradictory evidence in the case of the St. 
Lawrence channel, which indicates depression, and that of the 
Labrador coast, which is rising, is not so in reality, for the move- 
ments are successive, not simultaneous. 

Coral reefs often give proof of depression, for, as most of the 
reef-building corals cannot live in water more than 20 fathoms 
deep, a greater thickness of the reef than this indicates a slow 
sinking, at a rate not exceeding the upward growth of the coral. 
Borings made in the South Pacilk island of Funafuti show that 
that reef exceeds 1100 feet in thickness, and must therefore have 
been gradually depressed. Another obvious proof of subsidence 
is a great thickness of shallow water deposits; for, if the sea-bot- 
tQmdid not sink, the .shallow w^ater would soon be filled up and 
the coast-iine advanced. The study of the materials now accu- 
mulating on the ocean-floor enables us to determine the depth 
of water in which ancient deposits were formed, and applying 
this knowledge, we learn (to give only one example) that from 
the Hudson River southward, the coastal plain of the Atlantic 
...f States is covered by very thick, shallow- water, marine beds, as is 
■revealed by the numerous artesian wells which have been driven 
'through them. The fact that these beds are now part of a 
land-surface indicates, of course, that they have been elevated 
subsequently to their formation. 
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Finally, the form and topography of a coast may betray its 
recent subsidence, as will be more fully explained in Part IIL 


As i*egards the oscillatioiivS of level which are now going on, it 
is not definitely known whether they proceed continuously at a 
uniform rate, or spasmodically with intervals of complete rest. 
In the case of a succession of marine terraces, one above another, 
the movement cannot have been uniform, or else a continuous 
slope would have been produced; each terrace and heach indicates 
a pause, during which the waves cut the rocky shelf, or accumu- 
lated the beach, while the sleep slo]3e between two successive 
terraces points to a relatively rapid rise. 

The following table, which exhibits the data gathered chiefly 
by Kayser, will be serviceable as showing the extent and char- 
acter of the diastrophic movements which, it is inferred, are still, 
or have recently been in progress along the ]irincipal coast-lines 
of the world. In this table no account is taken of the movements 
which have here and there been detected in the interior of the 
different continents, such as those already mentioned for North 
America, and others which have been ob.served in northern Swih 2 - 
eriand. 

Rising Sinking 

North Americti 


East coast of ( Jrecnlanrl. 

East coast down to 45® N. lal. 
Gulf of Mexico and Antilles. 
Pacific coast. 


West roost of (Greenland. 

East roast from 45*^ N. lat, to end 
of Florida. 

East coast of Centra! America. 


South America 


Pacific coast, except that of Peru. 
Atlantic coast from mouth of La 
Plata to 20^ S. lat. 


Coast of Peru. 

Atlantic coast, except 
and South Brazil. 


Uruguay 


Asia 


Entire north coast and east coast 
to 30® N, lat. 

South coast and Malay Archipel- 
ago. 

Asia Minor. 


East coast of southern China and 
Tonkin. 

Laccadive and Maidive Islands. 
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Australasia 


Australia, south coast, and Tas- 
mania. 

East coast of New Zealand. 

Pacific roast of New Guinea. 
Solomon, New Hebrides, Samoan, 
Sandwich Islands, and marjy 
others. 


Australia, northeast coast. 

West coast of New Zealand. 

South coast of New Guinea. 
Caroline, Marshall, Gilbert, 
Tonga, Society Islands, etc. 


Africa 


Coast of Red Sea; east coast, west 
coast up to Gulf of Guinea. 


Atlantic coast of Morocco, east 
coast of Tripoli. 

North coast of Egypt: Gulf of 
Guinea. 


Europe 


Peloponnesus, Sicily, Sardinia, Li- 
gurian coast, Balearic Islands, 
south coast of Spain ; west coast 
of F ranee, Ireland and Scotland ; 
Scandinavia. 


England ; north coast of France, 
the Netherlands and Germany. 


From this table it is apparent that few coasts are stationary, 
but that almost all are, or have lately been, in movement, and 
further that upheaval greatly preponderates over subsidence. 
Still another significant result of these observations is that areas 
of opposite movement may be in dose juxtaposition, as on the two 
sides of the Baltic, the east and west coasts of Greenland, the 
eastern coast of North America and Asia, and many other regions. 
In such cases the movement must be in the land rather than in 
the sea. 

Earthquakes 

An earthquake is caused by a series of elastic waves due to a 
sudden shock in the earth’s interior; the visible phenomena at 
the surface are produced by the outcropping of these waves and 
by the movements of the soft and inelastic soil, which is set in 
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motion by the outcropping waves/ While the elastic waves, 
which in mode of transmission resemble those of sound, are very 
regular in hard and homogeneous rocks, the actual movements 
of a given particle at the surface are highly irregular and confused, 
as is well shown in the ware model, Fig. 2. This model, con- 
structed from the records of seismographs, gives in magnified 
form the movements of an earth-particle from the 20th to the 40th 
second of the shock, the numbers mdicating the position of 
the particle at each successive second. The seismographs 
referred to are recording instruments, commonly horizontal 
pendulums, which register on paper strips the various components, 
horizontal and vertical, of the movements. So delicate are these 



Fig, 3.— Magnified model, showing the movements of a surface particle of earth 
from the 20th to the 4Qth second ot a shock. (Omori) 


instruments, that they register even those violent shocks which 
originate at the very antipodes of the observatory where the instru- 
ment is installed. 

The study of seismographic records has brought to light many 
highly significant facts, among others that minute and insensible 
tremors of the earth are almost incessant, but some, at least, of 
these tremors are due to atmospheric changes and it is not known 
how large a proportion of them are of subterranean origin. The 
term earthquake is usually restricted to those movements 
of the ground which can be felt, though the distinction is a some- 
what arbitrary one. Another very important result of the aeismo* 
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graphic observations is that when a very distant earthquake is 
registered, three series of waves are indicated, vix*, the ist and ad 
phases of the preliminary tremors, and the larger waves of the 
main shock. Those first to arrive, called the preliminary tremors, 
are believed to be transmitted through the mass of the earth along 
the chord of the arc included between the point of origin and the 
point of observation. The preliminary tremors include two of 
the three series of waves, known as phases. The heterogeneous 
mass of rocks which forms the outermost crust of the earth does not 


Fig. 3. — Saismographic record of the San Francisco earthquake of 1906. U, S, Coast 
Survey observatory, Cheltenham, Md. A, Preliminary tremors, ist phase; B, Pre- 
liminary tremors, ad phase; C, Main shock. The upper record shows the north- 
south component, and the lower gives the east-west component. (Bauer) 


permit the transmission of any simple form of wave-motion, and 
it Is only at a distance of about 10*^ of arc of the earth’s surface 
(about 700 miles) that the three different kinds of waves begin to 
appear upon the instrumental records. The preliminary tremors, 
which pass through the subcrustal region of the earth and travel 
at a higher rate of speed than the waves which follow the surface, 
appear, as already mentioned, in two phases. The waves of the 
&^t phase are believed to be the normal, or cotnpressional waves, 
:atid those of the second phase to be the transverse or distortional 
the two known kinds of wave motion which can be trans^ 
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mitted through a homogeneous solid. The waves of the third 
series are longer and slower (i.e. of greater amplitude and period) 
and constitute the » main shock they are believed to follow the 
curvature of the earth’s surface. 


fig. 4. -Earthquake regions of the Eastern Hemisphere, (de Monfessus de 

Ballore) 

Distribution of Earthquakes. — Sensible earthquakes are very 
numerous, not less than 30,000 is the estimated number per annum; 
or course, the great majority of these are very light. While any 
part of the earth’s surface may be visited by earthquakes, there 
a.v^ great difference between different regions in r^d to 
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seismicity y i,e. the frequency and violence of the shocks which 
affect them. The main seismic regions^ when platted upon a 
map, are found to be arranged in two greal-cinde belts, one (jf 
which encloses the Pacific Ocean and the other girdles the whole 


Fig-. s.-~- Earthquake regions of the Western Hemisphere, (cle Montessus de 

Ballore) 


earth. The latter includes the Mediterranean region, the Azores, 
the bed of the Atlantic westward from the Azores to the West 
Indies, those islands themselves, Central America, Hawaii, Japan, 
China, India, Afghanistan, Persia, and Asia Minor. 

It must not be supposed that these belts are uninterrupted 
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zones of seismic acti\nty; the}^ are rather seismic tracts separated 
by other tracts of low seismicity. For example, the eastern Aleu- 
tian Islands and the Alaskan coast form a region of frequent and 
sometimes very violent quakes, while the coast between Alaska 
and California is not often shaken. California is an earthquake 
region, as is also southern Mexico, and Central America has a very 
high degree of seismicity, but there is a long interval before the 
earthquake region of Ecuador is reached. Though the belts 
are thus discontiniums, it is nevertheless significa that the 
separate seismic tracts are arranged in belts. 

The regions most subject to earthquakes are those whic^^ have 
the steepest slopes and are associated \vith the great lines of 
corrugation of the earth’s surface, A sea-bottom steeply de- 
SGending from the shore is apt to be unstable, especially if high 
mountains arise near the coast, while a io%v-Iying coastal plain 
and adjoining gently sloping sea-bottom are usually stable. 

Beside the main seismicv iTgions above enu there are 

many others where the shocks, though not infrequent, are seldom 
violent. Examples of such regions are New England, Switzer- 
land, Austria, and South Germany. 

Although earthquakes are commonly perceptilde upon the land, 
the most frequent seats of disturbance are in the bed of the sea. 
These .submarine quake.s oc'cur at all depths of water, and their 
frequency ami violeiu'C are indej[)en<lent of the di.slanre from 
volcanoes. In the sea there are regi<ms quite free from quakes 
and others of a high degree of seismicity, but quakes also occur 
in an isolated and scattered manner. 

In the Atlantic there are two remarkable seismic belts, one, 
already mentioned as part of the great earthquake zone, extending 
. westw’ard from the mouth of the Tagus in Portugal, the other 
nearly equatorial and reaching from the north shore of the Gulf . 
of Guinea toward Brazil In this second belt the sea-floor has 
precipitous slopes. 

Submarine cables are frequently interrupted at the same points. 
Thus, the cable from the Lipari Islands to Sicily has been broken 
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five times at the same point; on October 4, 1SS4, three naralW 
cables about ro miles apart, were Him^fit^nco«sh’|,rokL ' 
tee of the Steep continental slope, 330 miles east of St. John N B 

Many similar instances misht be given. 

Classification of Earthquakes. -• Earthquakes mav be classifieri 
n several ways according to the purpu.se in view. ' With r« Sd 
to the manner of production, they may be grouped into 
and fec/eKm quakes, which will lie e.vjilained when we take un the 
causes of these , ihenomena. For our present ]nir,,o.se. which I 
chiefly descriptive, it will be mo.st convenient to divide earth 

“'Ssturl iarge earthquakes which 
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ruins, all means of communication interrupted, the hills rent and 
cast down in landslips, and the plains fissured and riddled with 
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Shillong wsks laid in ruins before about one and three-quarter 
million square miles had felt a shocks which was everywhere 
recognized as one quite out of the common/’’ (R. D. Oldham.) 

A great earthquake usually begins suddenly and without 
warning. A rumbling sound, quickly becoming a It>iui roar, 
accompanies or slightly precedes the movement of the ground, 
which is at first a trembling, then a shaking, and finally a rapid 
swaying, wriggling motion, describing a figure 8, which is 
extremely destructive and overthrows the builditigs ailet'ted, and 
even in the open country it is impos.sible to keep one’s feet. The 
surface of the ground has been repeated]}' obser\'ed to rise in low, 
very swiftly moving waves, somewhat like those on the surface of 
water, upon the crests of which the soil opens in cracks, closing 
again in the wavedroiighs. When the earth-waves traverse a 
forested region, the trees sway violently from side to side, like a 
field of ripe grain in the breeze. In the details of movement 
earthquakes differ greatly from one another; sudden and ex- 
tremely violent vertical shocks may come from below, or the surface 
may writhe and twist in every direction, instead of rolling in 
waves; there may be only a single shock, many successive ones. 

Violent earthquakes, which affect extensive areas, are almost 
always followed by a succession of aftershocks^ which may ccmtinue 
for weeks, months, or even years. These may be very violenb 
though never equalling the primary shock in this resjjcct, but 
gradually die away, until the region once more comes to rest. 

In the sea the elastic wave.^ producing shock st)on die aw'ay in 
the water. Observations made on the several ships affected by the 
same quake frequently show a lineal arrangement of the dis- 
turbances. A special manifestation of earthquakes in the bed 
of the sea is the great sea-wave (sometimes erroneously called the 
. tidal wave), which is a gravity wave produced by disturbances of 
.:y, the sea-floor or by a submarine volcanic eruption. The great 
V , sea-wave, though not strikingly displayed in the open sea, piles 
b. upon the coast into enormous breakers, which often are more 
. terribly destructive than the earth- waves themselves. 
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Effects of Earthquakes. — Strklly speaking the geological 
effects of earthquakes are of less importance than is usually sup- 
posed. The violent shaking of the surface often brings about 
great land-slips in mountain regions^ which precipitate enormous 
masses of earth and rock from the heights down into the valleys. 
A striking example of this was given Iry the earthquakes of north- 
western Greece in I <870, in which the rockslides were on a gigantic 
scale. The falling masses may temporarily or permanently block 
the valleys, converting their streains into lakes. 

On the other hand, the diastropdiic forces which produce the 
earthquake often have other effects of the greatest importance. 
In ail of the more violent quakes cracks and fissures of the ground 
are formed, which may close again or remain open, and may show 
a lineal, curved, zigzag, or radiating arrangement. Through these 
fissures great quantities of water and sand are often forced up 
from below and form little sand craters, or water-filled funnels on 
the surface. Frequently the fissures assume the character of 
fauUs^ or dislocations, one side being raised, the other depressed, 
so that long scarps, or low cliffs, are left standing. A long list of 
such faults formed in modern earthquake.s might be given, though 
the limitations of spac'e forbid the mention of more than a few. 

In 1811-X8.12, near New Madrid, Mo., hundreds of faults re- 
sulted from the violent earthquakes which shook that region, and 
a depressed area, 70 X 30 miles in extent, known as the “ sunk 
country, was formed. The earthc|uake ul Owen's Valley, Cal, 
in 1872, was accompanied by the formation of a fault 40 miles in 
length and with a vertical displacement, or threrw, of 5-20 feet, 
along the eastern base of the Sierra Nevada* In the Sonora earth- 
quake of 1887, in Arizona and Mexico, a zigzag fault, 35 miles 
long and with a maximum throw of 20 feet, was produced. The 
Sierra Teras, in 5 viexico, appears to have been raised in this move- 
ment, for a second fault, with opposite inclination, was formed on 
the eastern side of that range. The Japanese earthquake of 1S91 
was accompanied by a fault *of 40 miles in length, with throws 
exceeding 33 feet in height* 
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Mention has already been made of the great Indian, or Assam, 
earthquake of 1897; it was accompanied I)y several large faults, 
from which lesser ones branch out. As a result of the earthquake 
of 1899, the region of Yakiitat Bay, Alaska, was much disturbed, 
with an elevation of the coast atone lunni of 47 feet. ‘^The 
change of level was differential, indiniting a complex system 
of faulting on a large scale; and shattering the rocks proves 
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-Fault-scarp 1*1 the Neo Valley^ Japan, earthqualce of xSgr. The road 
sliows a slight horizontal as well as vertkal displacement (Milne) 


Smuch differential movement on a smaller scaled^ (Tarr and Martin.) 
Sh the San Francisco earthquake of 1906 two long lines of parallel 
kf^ults were formed, with varying throw up to 20 feet. 

, Earthquake displacements may be hori^iontal as well as vertical, 
^^.|aqugh the former are less obvious and hav6 not therefore been so 
|i^^uently observed. Lateral displacements amounting, in some 
to as much as 20 feet, in a direddon parallel with the 
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Fig, 8, — Fence broken and shifted horizontally 15 feet, San Francisco earthquake 

of 1906 


formerly the depth had been 1400 feet. In 1878 the cable to the 
island of Crete was broken in two places by a violent earthquake 
and the sea-floor had become so Irregular that, in relaying the 
cable, it was found necessary to make a long detour. The cable 
from Zante to Crete was broken by an earthquake in August, 1886, , . 
and at the break soundings revealed an increased depth of 1300 ; 

feet# Some of the Mediterranean scarps are 3000-5000 MA' 


fault-scarps, were a very marked feature of the San Francisco 
earthquake. Horiiiontal displacements were also observed after 
the Indian earthquake of 1S97, the Sumatran of 1892, the Japanese 
of 1891, the Owen's Valley {)f 1872, and others. 

The most remarkable of modern faults are those which have been 
detected by soundings in the floor of the eastern Mediterranean. 
The earthc[uake of October, 1873, off the western coast of Greece 
resulted in a scarp on the sea-floor with a depth of 2000 feet, where 
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but the time of formation of these enormous dislocations is not 
definitely known. 


Horizontal shifting of the ground, San Francisco earthquake, 1906. Before 
die earthquake the road was straight. (Photograph by Sinclair) 


A very common result of earthquakes is a change in the circu- 
lation of underground waters. Wells and springs go diy, while 
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Other springs are formed in new places, or old ones may be increased 
in volume. The changes in the form of the land surface produce 
corresponding changes in surface drainage; rivers are diverted 
into new channels or dammed into lakes, while streams intersected 
by fault-scarps form new cascades. Many new lakes resulted 
from the Indian earthquake of 1897, 

The general results obtained from the study of the diastropliic 
movements which accompany eartliquakes are thus summed up 
by Professor Hobbs: — 

I. Appreciable surface dislocations appear to be formed only 
at the time of macroseisms, and the throws upon these planes stand 
in some relation to the magnitude of the disturbance. 

“ 2; The evident dislocations produced are generally of two 
orders of magnitude, those of the higher order being generally 
very limited in number, while those of the lower order are often 
quite numerous. 

‘^3. Earthquake are normal faults with hades 

approaching the verticaL’* That is to say, the hade, or inclina- 
tion, of the fault-plane slopes downward tuwarfl the de|.)ressed side, 
as though the latter had merely slipped down the inclined plane. 

“ 4. The crustal movements indicated at the surface at the time 
of earthquakes appear to be due to an adjustment in position of 
individual blocks.” 

The formation of normal faults ancl open fissures during an 
earthquake shows that the stresses to which the outer portion of 
the crust yields are tensitmul, or stretching. Compression may also 
occur locally, as appears from the upward or lateral bending of 
railway rails, so frequent a phenomenon of great disturbances, but 
such compression is frequently due to the slipping of deep masses 
of soil and to be compensated by stretching at other points. The 
measurements of the railway lines after the great Indian earth- 
quake of 1897 p5*oved that whenever the rails had been bent at 
one point, they had been dragged apart by an equivalent amount 
at another. This refers to the movements of soil; horizontal 
faulting, on the other hand, implies a true compression. 
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Causes of Earthquakes. — In respect to their mode of causation, 
earthquakes are usually divided into two classes, volcanic and 
tectonic^ though it is often impossible to determine to which of the 
two classes a given earthquake should be referred. The volcanic 
earthquakes, which are closely associated in time and space with 
volcanic eruptions, are due to steam explosions and to the struggles 
of the rising lava within the earth to e.sca]>e. In their tyjncai 
manifestation, volcanic quakes have a definite centre of origin, 
which is in or near a volcano, and are rarely fell over any very 
extensive area of country. The earthquake of 1883 in the island 
of Ischia was of terrible violence and completely destroyed the 
town of Casamiccioia, with great loss of life, yet the shock was 
hardly perceptible at Naples, a distance of twenty-two miles. The 
great eruption of Mauna Loa in the Hawaiian Islands in x868 was 
preceded for six days by earthquakes of gradually increasing force, 
until they became frightfully destructive. When the lava burst 
out from the volcano, the earthquakes rapidly died away* Ex- 
treme as was the violence of these shocks, they were almost con- 
fined to the southern side of the island; elsewhere they did little 
damage, and at a distance of 150 miles were barely sensible. The 
earthquakes of Central America and those at the base of A^tna and 
Vesuvius and other volcanoes are of this class. 

; Tectonic earthquakes are believed to be due to stresses in the 
interior of the earth which, when suddenly yielded to by the rocks, 
cause the jar and shock which generates the earthquake. Macro- 
are probably caused by the formation of new and great 
fractures and microseisms by settling along existing lines of frac- 
ture* Tectonic earthquakes are linear, the maximum destruc- 
tiveness being along the line of fracture and rapidly diminishing 
transversely to this line; owing to the deeper position of their 
origins and the greater masses of rock involved in the movement, 
fjieb: effects are far more widely spread than those of the volcanic 
das^. Another distinction from the latter is the succession of 
^fe-tshocks which follow the great tectonic quakes and which 

prima^,;Hne,'Olf^ ' These, are 
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due to the gradual readjustment of the mosaic of blocks, which 
as we have already seen, makes uj) the outermost part of the earth’s 
■ ^ crust' " 

Just how the internal stresses above referred to are generated 
is by no means clear. 'The e.xplanation usually accejMed is that the 
earth is slowly contracting on account of the loss of heat and that 
the crust, which must follow the shrinking interior,’ is beiim 
crowded into a smaller space, with resultant ruptures and shocks 
However, this contractional hypothesis is altogether rejeded by 
several higli authorities, and no very satisfactory substitute fur it 
has been proposed. 

On the other hand, it is contended by some geologists that- alt 
earthquakes are essentially volcanic in origin. These observers 
call attention to the “ marked synchronism or close following of 
the major disturbances, whether volcanic or seismic, at distantly 
removed points of the earth’s surface, at certain periods.” (Heil 
pnn) It IS undoubtedh' true that such an as.s«ciation is indi- 
cated by many facts, but much remains to be learned before th-* 
full significance of these facts can be determined. 


CHAPTER II 


VOLCANOES 

A votCAKO is usually a conical niounlain or hill, with an opening, 
or crater, through which various solid, molten, or gaseous materials 
are ejected. The essential part of the volcano is the opening, or 
vent, and some volcanoes consist of almost nothing else. The 
mountain, when present, is secondary and is formed by the 
materials which the volcano itself has piled up; it is thus the 
effect and in no sense the cause of the phenomena. 

Present Distribution of Volcanoes. —The geographical diS' 
tribution of volcanic vents has greatly changed at different periods 
of the earth’s history. While there are some large land areas, 
like most of the Mississippi Valley, which appear never to have 
been visited by volcanic activity, such areas are comparatively 
few in number. In most regions we find distinct traces of such 
action, though it may have died out ages ago and though at present 
no active vent may occur for very great distances in any direc- 
tion. Such is the case with the valley of the Ckmnecticut and 
northern New Jcmey, Ireland, Great Britain, and very many other 
countries. 

We cannot definitely determine the number of vents which are 
at present in activity in various regions of the earth, because a 
volcano may remain dormant for centuries, and then break out 
again. Almost all tradition of the volcanic nature of Vesuvius had 
died away among the inhabitants of Italy, until the dreadful erup- 
tion of the year 79 a.d. showed that it had only been slumbering. 
Many volcanic regions, such as the western part of North and 
South America, and the East Indian islands, have been known to 
civilised man for only a few centuries, and in such regions the 
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distinction between dormant and extinct vents cannot lil ways be 
made. 

Furthermore, the luimber of vents is constantly changing, new 
openings forming, and old ones closing up, while some that had 
escaped observation are not infrequently discovered. Another 
distinction which is often arbitrary, is that between independent 
volcanoes and mere subsidiary vents connected with larger ones* 
Several subniarine \a)lcanoes have been observed, but it is alto- 
gether probable that many more exist which have esca|)ed detec- 
tion. Making these allowxinces, tlie numl>er of volcanoes now active 
may be estimated at about 32S, of which rather more than one- 
third are situated in the continents, and the remainder on islands* 

The active volcanoes are not scattered haphazard over the sur- 
face of the globe, but are arranged in belts or lines, which bear a 
definite relation to the great topographical features of the earth 
as well as to the seismic belts described in the preceding chapter. 
Two of these belts together encircle the Pacific Ocean; one on 
the west coast of the Americas runs from Alaska to Cape Horn, 
the other, a very long and sinuous band, running from Kamschatka 
through the islands parallel to the east coast of A.sui, the East. 
Indian and south Pacific islands, to the Antarctic circle, where it 
joins the American ]>and. 

As in the case of the seismic IjcUs, the vok'anic l)amLs are not 
continuous, but consist c^f a series of volcanic tracts separated 
by others which have iii.) volcanoes. The coincidence of the vol- 
canic and earthquake belts which encircle tlxe Pacific Ocean is . 
very close and striking. 

A third band occujnes a ridge in the eastern bed of the Atlantic, 
from Iceland to beyond St, Helena, from which arise numerous 
volcanic islands and submarine vents. Included in this Atlantic 
band are Jan Mayen, Iceland, the Azores, Canary and Cape Verde 
Islands, Ascension, St. Helena, and, in the far sorith (38^ S. lat*), 
Tristan d^Acunha. South of Iceland there are no known volcanoes 
for a great distance, until the Azores are reached, and on the east 
coast of the Americas are none at all 
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A subsidiary belt, parallel to the Atlantic l)and, includes the 
volcanoes of east Africa, the Mascarene and C’oniores Islands, to- 
gether with the extinct vents of Madagascar in the south and those 
of Armenia, Syria and Arabia in the north. 

Other subsidiary volcanic belts are scattered ah>ng the great 
equatorial seismic zone mentioned in Chapter I. Thus, the vol- 
canoes of southern Mexico and Central America have a general 
east-west arrangement and are in line with those (if the West 
Indies- On another portion of the same zone are placed the 
Mediterranean vents. At the crossing of the equatorial and west 
Pacific zones are the volcanoes of the P]iilipj)ines and Japan, and 
those of the former continue westward through Java, Sumatra, 
the Nicobar and Andaman Islands, to Burmah. 

A very striking fact is the nearness of most active volcanoes to 
the sea; by far the greater number of vents are upon islands, 
and those of the continents are, with a few exceptions, not far from 
the coasts. Some of the volcanoe.s in Mexico and Ecuador arc 
150 miles from the ocean, and Kirunga in east Africa is more than 
600 miles from the sea. Another relation which should l>e noted, 
is that between the volcanic bands and the mounlain-clmins, the 
bands running parallel to or ctnnciding with the mountains, a.s in 
the great volcanoes of the Andes. Not all coasldines or all moun- 
tain chains have volcanoes ass()ciated with them, i)ut where the 
P mountains ax*e near the sea.shore, volcanoes are usually, though 
: not invariably, found. The seat of volcanic acUviiy is frequently 

shifted, as we have learned, and it has been obser\'ed that this 
. activity tends to die out of the older rocks and to make its appear- 
' ance in those of a later date. 

The relations of volcanoes to lines of fracture and faulting are 
much disputed. As we shall see, lava may force its way to the 
, surface independently of such lines; nevertheless, the great 
, 'majority of recent and earlier eruptions are connected with fissure 
i' and zones of fracture in the earth's crustd^ (Kayser.) 

; V' Volcanic Eruptions. — The phenomena displayed by different 
d- voitjanoes, or even by the same volcano at different times, vaiy 
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greatly. It often seems* difficult to believe that similar forces are 
involved, and that the divergences are due merely to different 
circumstances attending the outbreak. A careful co mparison, how- 
ever, of the varying phenomena brings to light a fundamental like- 
ness in them all. Some vents, like Stromboli in tlie Mediterranean, 
are in an almost continual slate of eruption of a quiet kind; others, 
like Vesuvius, have long periods of dormancy, broken by eruptions 
of terrible violence. In a general way, it may be said that the 
longer the period of quiet, the more violent and long-continued 
will the subsequent eruption be, while weak eruptions and those 
of short duration recur a.t brief intervals. 

As one extreme of the various forms of volcanic activity should 
be regarded the explosive iype^ in which little or no lava is produced 
and, in some cases, even the finely shattered fragments of lava, 
the so-called volcanic ash, are absent. An instructive example of 
this kind is afforded by the eruption of the Japanese volcano 
Shirane in 1882, which consisted of a single tremendous explosion 
of steam, hurling a vast column of rock into the air, but without 
the emission of lava or ashes. Another eruption of the same kind 
was that of Bandai San, also a Japanese volcano, in 1888; a single 
terrific steam explosion blew away the greater part of the mountain, 
which more than 2000 feet high, likewise without the forma- 
tion of ash or lava. 

The first recorded crujition of Vesuvius, which occurred m 
79 A.i). and is described in two letters written to Tacitus by the 
younger Pliny, w^as of the explosi^’e type, but was much more pro- 
longed than those of the Japanese vents above-mentioned and was 
accompanied by the production of immense volumes of ashes and 
larger fragments. In this frightful paroxysm little or no molten 
lava w^as ejected, and so enormous was the quantity of ashes that 
at Misenum, across the bay of Naples, the sun was darkened, as 
Pliny reports, “ not as on a moonless cloudy night, but as when the 
light is extinguished in a closed room ... In order not to be 
covered by the falling ashes and crushed by their weight, it was 
often necessary to rise and shake them off/' Herculaneum 





Pompeii, showing depth of volcanic accumulations 
McAllister) 


(Photograph by 


naoited, tiie earliest stages of the outburst were 
nMay 20 a great cloud of steam was seen over 
•strophe occurred in August, when, besides the 
caused by the disturbances of the sea on the 
id Java, the island itself was almost annihilated. 
Its original surface was left above water, and 
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overwhelmed with floods of ashes mixed with water, while Pom 
peii was completely buried in dry ashes and small fragments 
The explosive type of eruption is exhibited in its extreme form 
by several of the East Indian volcanoes, and preeminentlv liv Kra- 
katoa, the eruption of which in 18S3 was the most frightful ever 
recorded. This volcanic island, situated in the Strait of Sunda 
was little known, except that it had been in eruption in 1680. As 
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lin« is the present condition the 
is^lmt '‘“"---i’iine 


able IS the fact that the finest dust, which Was hurled into the 
upper atmosphere, remained suspended in the air for manv 
^onths and was gradually diffused over the \vorId. The wonder- 
ful, flaming-red sunsets which characterized the autumn and 
winter of r883-r884, have been very generally ascribed to the 
refractive effects of the impalptibly fine Kraktitou dust. 

These tremendous e.vplosions, even when they do not tear out 
one whole side of the mountain as in the case of Krakatoa, may 
ow off the top and thus leave a great crater ring many miles in 
circumference, within which subsequent eruptions may build up 
. n™ cone. When ,he volcanic nctivitv die, on,. ,he „,v ^ 
S led w.,h ™,er. forming n circnln, Inke. Crnler rings Ly also 
be fomrf m „other way, ilj„s, rated by Crater Lake in Oregon. 

On h T f"" ‘han a” present. 

Quandtv n?T ^ sumounding country displays no such 

quantity of fragments as would have been formed, had the top 


phere which were propagated around the whole earth, and the 
first one w^s obstTved in. J3erlin ten hours after the e.xplosion. 

Ihe ejected materials were all fragmentary and of an incredible 
volume; ashes were distributed over an area of 300,000 square 
miles the greater j, art failing within a radius of eight miles around 
the island; stretches of water that had had an average depth of 
117 feet were .so tilled up as to be no longer navigable. Enor- 
mous masse.s of pumice floated upon the sea and stojiped naviga- 
tion e.xcept tor the most powerful steamers. Even more remark- 
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24 and were repeated, with diminisliing energy, for more than a year, 
and were accompanied by an incredible cpumtity of ashes, vvhicli 
covered several hundred tliousand square miles and, for a long 
distance around the vent, destroj’ed a great amount of property. 


TiooT f K n H ^ S‘- Vincent, emptfw 

3 f 1902. (E. O. Hovey, courtesy of the American Museum of Natural Histo^) 

The islands of St. Vincent and Martinique in the Lesser Antilles 
ere devastated by a series of fearful and nearly simultaneous, 
uptions, which m certain important respects differ from those 
any other known volcanoes. The volcano of St. Vincent, known i 
La boufnhre (the last violent eruption of which had been in ' 
'X2}, began to show signs of activity in Febru^, , igoi, by a 
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succession of earthquakes, which were 
shorter intervals, until Ajjril, rqoe, in the 
increased in number and violence. Th 
onlMay 6, iyo2, in a series of tremendous 


repeated, with longer or 
' latter part of which they 
e actual out break, began 
steam e.vpiosions; ]\Iay 7 


* H-spme ot Mt. Pd6e. (PhCog^^h by Hdlprin) 

continuous and on the sadte dayocc 
descending “ hot blast,” a cloud of s\ierheat 

flwit the mountain and destroyed 1400 human livek 1 
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tions, which were repeated at wirying intervals and with different 
degrees of violence for considerably more than a year, were 
characterized by the absence of lava and ]>y the vast quantity of 
finely divided ash ejected hy tlie explosions. 

The eruptions of Mont Pelec in Martinique were actually less 
violent, but far more destructive to life than those of St. Vincent* 
The previous outbreaks of IMont Pelee within historic times had been 
those of 1792 and 1S51, both of which occurred with the same 
suddenness as the awful catastrophe of 1902. In the latter year 
slight earthquakes were noted on A]wii 23, and on the 25th a heavy 
cloud of “ smoke appeared over the volcano. On May 2 the 
ejections of ash became heavier and more frequent, increavSing 
until the 8th, when a descending cloud of hot vapours and glowing 
ash swept with terrible velocity down the ravine of the Rivibre 
Blanche upon the city of St Pierre, which, together with its 30,000 
inhabitants, was instantly annihilate<L The velocity of the air 
set in motion by the desccniling cloud was suOicientiy great to 
hurl from its pedestal the great iron statue of Notre Dame de la 
Garde, weighing several tons, to a distance of more than 40 feet. 

Mont Pek% had a long succession of subsequent eruptions of 
varying violence, especially on May 19, 20, and 25, June 6, July 9 
and 13, August 25, 28, and 30, Septeml^cr 3, 1902; January 25, 
March 26, September 12 and 16, i{)03; the lust hardly less violent 
than the first terrible ()utl.)reak of May 8, 1902. 

It is the descending clouds which lend such an exceptional 
character to the eruptions of St. Vincent and Martinique, but Mont 
Peke also displayed certain other peculiar phenomena. While 
no lava streams were prv^duced, very stiff and viscous lava ap- 
peared at the summit, filling up the old crater and forming a steep 
cone, through which protruded a lofty obelisk or spine, which, 
thrust up from below, grew irregularly in height, as it continually 
.lost material by scaling off of the top and sides; eventually it fell 
altogether. 

In all eruptions of the explosive kind, a few typical examples 
of which are described above, the active agency is obviously 
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exploding masses of intensely heated and compressed steam, and 
all such eruptions are accompanied by gigantic steam- clouds, 
which, condensing in the atmosphere, fall in rains of torrential 
volume and violence. The hot water thus pixxluccd mingles with 
the volcanic ash in the air and on the ground, forming streams of 
hot mud, which arc often mere destructive than the lava flows 
themselves. When cold, the mud sets into quite a tirm rock, 
called 


15. Crater-floor of Kilauea, showing the lava lake, Hale-mau-mau. 
tograph by Libbey) 


y The opposite extreme of volcanic activity from the explosive 
Is to be found in the volcanoes of the Sandwich Islands, 
$uch as Mauna Loa and Kilauea. Here the eruptions are usually 
hot heralded by earthquakes; the lava is remarkably fluid and 
aimply wells up over the sides of the crater, pouring down the sides 
of the mountain in streams which flow for many miles. More 
^oihmonly the walls of the crater are unable to withstand the enor- 
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tions at other volcanoes, steam is an important cause of the erup- 
tion in all cases, though the conditions under which it acts vary 
widely. Little or no c(mbustion is involved, and that not as a 
cause, but as an effect of the activity. 

In the modern eruptions of Vesuvius essentially the same phe- 


Fig. i 6. — Crater of Vesuvius ia moderate eruption 


nomena may be observed, but on a far grander and more terrible 
scale. Earthquakes usually announce the coming eruption, in- 
creasing in force until the outbreak occurs, Terrific explosions 
blow out fragments of ail sizes, from great blocks to the finest and 
most impalpable dust. The finer fragments arise chiefly from the 
scattering of the partly hardened lava by the force of the explo- 
sion, but in part also from the crashing together of the blocks as 
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they rise and fail through the air. Inconceivable quantities of 
steam are given off with a loud roar, which is awe-inspiring in its 
great and steady volume. The condensation of such masses of 
vapour produces torrents of rain, which, mingling with the 
“ashes’’ and dust, gives rise to streams of hot mud that flow for 
long distances. Great floods of molten rock, or lava, issue from the 
crater, or burst their way through the walls of the cone, and pour 
down the mountain side, until they gradually stiffen by cooling. 

During historic times V esuvius has had long periods of dormancy 
and the violence of the subsequent outbreak has been, in a general 
way, proportionate to the length of the dormant period, though 
one of the most notable eruptions, that of 1906, occurred after 
quite a short period of rest. With the exception of a moderate 
outbreak in 1500, the mountain was quiet between 1139 and 1631; 
one of the three most violent recorded eruptions took place in the 
latter year. 

Radically different as the various typCvS of volcanic activity 
appear to be, they are all connected together in one continuous 
series. In all cases, steam of very high temperature and under 
enormous pressures is an important agent, while the differing 
results are due to varying degrees of [iressure, quantity of impris- 
oned steam, amount of reslstanc'e to be oven'omc, the character of 
the lava, and similar factors. The intermediate, or Vesuvian, type 
of eruption is the most frequent. 

Submarine Volcanoes. — Several instances of submarine erup- 
tions have been actually observed^ and there is much reason to 
believe that the number of vents on the ocean -floor is very large. 
Volcanic islands are merely submarine volcanoes which have built 
their cones above sea-level and these represent a great proportion 
of the vents now active. The durability of volcanic islands de- 
pends upon the materials of which they are constructed. Cones 
built of loose masses, or of ash and tuff, are speedily destroyed 
by the sea when the activity ceases, and cut down into reefs and 
shoals, while masses of solidified lava resist destruction for very 
long periods. 
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Ifew Volcanoes. — During historic times a coasiderable numK^r 
of new volcanoes have been formed, both on land and in the bed S 
the sea, the latter resulting in the birth of new i.slunds Aside 

rerrde n volcanoes, the origin of which has been 
recorded by ancient writers of Greece, Rome, and Japan a few 
more modern instances may be cited. 

Near Pozzuoli is a hill called Monte Nuovo, 440 feet hidi 
hich IS haidly distinguishable from the other low i-olcanic cones 
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lava flowed forth and several ^Vcinder cones ’’ were built up, one 
of which is 1300 feet high. Isalco, a volcano on the west coast of 
Central America, north of the city of San Salvador, was first formed 
in 1770, and has been in almost uninterrupted activity ever since, 
sometimes with great violence, A cone of more than 2000 feet 
in height has been built up. In 1831 a new island appeared off 
the southwest coast of Sicily, w^here previous soundings had 


Fig. 18. — Another view of the crater-floor and walls of Kilauea* (U* S. O. S.) 

shown a depth of 100 fathoms, and in the course of a few weeks 
grew to a height of 200 feet above the sea and a diameter of a mile 
at sea-level. The activity soon ceased and the Island, composed 
of loose materials, was swept away by the sea. ' 

In the Greek archipelago the group of islands known as Santorin ’ 
has been the scene of repeated operations for more than 2000 years'. 
The outer islands are evidently fragments of an old oratet^ , 
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Within which are several small islands, which were formed in 

i86 B.C., IS73, 1707, and 1866, respectively. 

Finally may be mentioned an especially interesting group of 

d ree new islaiKls, the Bogoslofs, north of the line of the Aleutian 

bvt subm ' *■ was formed 

by a submarine eruption in 1796, which was observed bv a Russian 

trader. New Bogo.slof was formed in 1883 and was Ist ^^0 
^Tldrd ami* ^ f e.x-act date of origin is not known, 

between t he iT ’ composed of jagged lava, wvas seen 

steam an? May aS, rgod, “ giving off clouds of 

overl“ cr^ ^ -t- scattered all 
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VOLCANOES (cont.)~IIfTERIfAL CONSTITUTION OF 

EARTH 

Volcanic Products. -These form the most important part 
subject from the geological point of view, because thev ront 


Fig. 19. — Edge of Hale-maii-mau, 
wlien cooling. 


showing the ropy forms of the 
(Photograph by LibbeyJ 
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zi—sunset Butte, Arizona. An extinct volcano, with scori 
foreground. (Photograph by A. E. Hackctt, Flagsta 

less readily fusible than the basic lavas, in which tb 
silica is lower. The difference in the j:.y 
IS associated with other chemical differences 
effect upon fusibility, the basic kinds I ' 
m^esia and iron in them, which act as fluxes, 
The e^eriments of Barus on 
divides into three groups, result 
fuse readily (2250° F.); these a 


e percentage of 
proportion of silica present 

o which have a similar 

i having much more lime, 

the fusibility of lavas, which h® 
sd as follows: (1) Certain lav»: 
re of basic composition apd are 
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Fig, 22. -Lava-tunnel, and “Spatter-cone’* formed by escaping steam, Kilauea. 
(Photograph by Libbey) 


which, like those of the Sandwich Islands, are notably fluid, are 
always of bask composition. 

When a lava stream reaches the surface of the ground, the im- 
prisoned vapours immediately begin to escape and the surface 
of the molten mass to cool and harden. The surface layers are 
blown by the steam bubbles into a light, frothy or slaggy consist- 
ency, forming scorise or cindery masses. The motion of the 
lava breaks up this thin crust into loose slabs and blocks, and on 
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madeupof iime-soda felspars, the augitic and allied ferro-magnesian 
minerals, and iron oxide, but rarely have quartz. (2) A second 
group is of medium fusibility (2520^^ F.), and is made up of lime- 
soda felspars, augitic or hornlflende minerals, and frequently 
quartz. (3) The third series melts with difficulty (2700® F,),and 
remains pasty at even 3100° F. These are acid lavas, and are com- 
posed of potash felspars, with quartz, hornblende, or mica. Lavas 
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scoriaceous mass is a non-conductor of heal, and greatly retards 
the cooling of the interior mass, which may remain hoi for many 
years. The arched surface of cindery blocks may become self- 
supporting, and then the still fluid mass will ilovv away from 
beneath it, leaving long tunnels or caverns. These tunnels are 
especially well shown in Iceland and the Sandwich Islands, 

The distance to which lava streams extend and the rapidity 
with W'hich they move are determined hy the abundance and 
fluidity of the lava and the slope over which it flows. S<.>me lavas 
are so liquid that they flow for many miles, even down moderate 
slopes, while others are so pasty tliat they stiffen and set within a 
short distance of the vent, even on steep grades. Orrlinarily the 
motion soon becomes very slow, though thoruiighly melted masses 
pouring down steep slopes may, for a short time, mo^'e very swiftly. 
One of the lava floods from Alauna Loa moved fifteen miles in 
twO'-i hours, and for shorter distances much higher rates of speed 
have been observed; but this is very exceptional. 

The cooling of the surfaces of the lava stream takes place rap- 
idly, while the interior cools hut slowly, and great thicknesses 
require very long periods of time to become entirely cold. The 
differences in the rate of coaling produce very strongly marked 
varieties in the appearance and texture of the resulting rock. The 
portions which have chilled and solidified very quickly are glassy 
and form the volcanic glass, obsidwn. If the? swiftly cooling por- 
■ tions have been much disturbed by the bubbles of' steam and 
vapours, they are made light and frothy; in some cases, as in 
pumice, they will float upon water. Otherwise, the glass is solid 
and is usually very dark in colour, resembling an inferior bottle 
glass in appearance. Microscopic examination shows minute, 
hairdike bodies in the glass, which are called crystalliles, and 
represent the incipient stages of crystallization. 

;P^sing inward from the surface of the lava stream, w^e find 
steam bubbles becoming rarer, until they cease altogether, the 
.vapours having escaped while the lava was still so soft that the 
yhtibble holes soon collapsed. At the same time the glassy texture 
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of the rock is replaced by a stony character, which the microscope 
shows to be due to the formation of crystals too minute to be 
recognized by the unaided eye. Still deeper in the rock the stony 
texture passes gradually into an obviously cr3^stalline one; and the 
slower the cooling, the larger will these crystals be, though in lava 
streams which have cooled on the surface of the ground, the whole 
mass, even of the deeper parts, is never coarsely crystalline. 


Fig. :24, — a hand-specimen of obsidian, showing the glassy lusire and fracture 


Large crystals are, it is true, very often found in lavas, but these 
were formed before the ejection of the mass from the volcano. 
Such crystals frequently contain enclosures of glass, which indi- 
cate that the crystallization went on while the surrounding mass 
was still fluid. The edges and angles of these crystals are often 
corroded by the action of the melted portion of the lava, and the 
motion of the stream often cracks them. These facts go to prove 
that the large^ crystals were complete when the lava, as a whole, 
was still fluid and in motion. StromboH ejects great numbers of 
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perfect crystals of aiigite, which must have existed in the molten 
lava of the vent. The lavas which contain large crystals embedded 
in a fine stony or glassy base are said to be of a porphyntic texture. 

It is important to remember that all these various textures may 
be found in one continuous rock mass, and bear witness to the 
circumstances under which each part cooled and solidified. These 
textures also recur again and again in ancient rocks and enable us 
to determine their volcanic origin. The jirocesses of rock destruc- 
tion and removal have in many cases laid Ixire deep-seated masses 
which were plainly once melted like true lavas, but which have 
cooled very slowly and under great pressures. In such rocks the 
texture is usually coarsely crystalline and shows no traces of glass 
or scoriae. Between the surface lava tlows and such deep-seated 
reservoirs every form of transition may be traced, often in con- 
tinuous rock masses. 

Where several successive lava flows issue from one vent, at in- 
tervals which allow one stream to be consolidated before the next 
is poured out over it, a rough bedding or stratification results, 
each flow being perfectly distinguishable when seen in section. 
Deceptive resemblances to the true stratification of sedimentary 
rocks may thus arise, especially when the e.xposed section is short. 
But the wedgedike form of the sheets, tlie absence of bedding 
within the limits of eac.h How, and the nature <jf the rock itself, 
always enable us to distinguish these masses from the sediments 
which have been stratified by the sorting power of water. 

A mass of lava, when it cools and solidifies, necessarily contracts, 
and since the cohesion of the mass is insufficient to allow it to 
contract as a whole, it must crack into blocks, separated by. 
fine crevices, which are called joinh. The mutual relations of 
the jointing planes, and the consequent shape of the blocks, are 
determined largely by the grain of the lava and its degree of 
homogeneity. In fine-grained (and some coarse-grained) 
homogeneous lavas the jointing is apt to be very regular, and to 
/give rise to prismatic or columnar blocks, which are usually hex- 
. agonal. This shape is due to the fact that the formation of hexa- 
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gons requires less expenditure of work than other 
produced by the intersection of s,ystems of three era 
from equidistant points at angles of 120°. The loi 
pi isms are at right angles to the cooling surface, 
fire-clay, which shrink on drying, joint in the san 





/p. A'f 




■'•’■..'’..V/i'T--''"' 

. 'hr. 'r'v-^V 






they have < 
sconce asst 


VOLCANIC PRODUCTS 


75 


them. Othei* portions of the lava will fill up vertical fissures 
in the volcanic cone or in the underlying rocks, and, solidifying 
in these fissures, form dykes. Such a fissure, twelve miles in 
length and filled with molten lava, was observed by Sir Charles 
Lyell in the neighbourhood of ^€)tna. In the great eruption of 
Skaptar Jokul (Iceland) in. 1783 lava was poured out at several 
points along a line two hundred miles long, and doubtless this 
was a great lava-filled fissure which consolidated into a dyke. 

We thus see that the molten masses may not all well up through, 
the crater of a volcano, but will seek egress along the line of 
least resistance, wdierever that happens to be, breaching the walls 
of the volcanic cone, rising up through vertical fissures, or forc- 
ing their way as intrusive sheets between the beds of preexisting 
rocks. In these various situations the different rates of cooling 
produce many varieties of rocks, though the original molten 
mass may have been nearly or quite identical in all of them. 
Lavas which flow into the sea from a terrestrial vent, or are 
poured out from a submarine one, show, as a rule, but little differ- 
ence from those which solidified 011 land, because the rapid forma- 
tion of a cindery crust will protect the hot lava from contact with 
the waiter, wSometimes, however, the sudden chill will cause the 
lava to disintegrate into a mass like black sand. 

The lavas which ilow from a given vent do not always rerbain 
constant in character tind comjiosition, but change at successive 
periods of activit}'. It has frequently been oijserved, for example, 
that a series of lavas, at first intermediate in chemical composition, 
then acid and finally basic, have been successively ejected from 
the same volcano. It does not appear, however, that there is any 
definite law of succession in the kinds of lava emitted. 

It should also be noted that neighbouring vents may simultane- 
ously produce lavas of different composition. Thus, in the Lipari 
.Islands, the lava of Stromboli is basic, while that of Vulcano is 
highly acid. 

Fragmental Products, — This divisiondncludes all the mate- 
w are ejected from the volcano in a solid state. These 
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are of all sizes and shapes, from huge blocks weighing many tons 
down to the most impalpable dust, which the wind will carry for 
thousands of miles. The very large blocks are commonly frag- 
ments of the older rocks through which the volcanic vent has 
burst its way, tearing a great hole and scattering the fragments 
widely. For fifteen miles around the lofty volcano of Cotcipaxi 
in Ecuador lie great blocks of this nature, some of them measur- 
ing nine feet in diameter. 


!FiG, 27. — Volcanic bomb, showing scoriaceous texture; about | natural size 


More important and much more extensively formed and widely 
spread are those fragmental products which are derived from the 
lava itself and are due to the sudden and explosive expansion of 
the vapours and gases with which the molten mass is intimately 
commingled and saturated. The more violently explosive the 
eruption, the greater the proportion of the lava that will be blown 
into fragments. In such eruptions as that of Krakatoa, all of it is 
thus dispersed and none remains to form lava flows. Cindery 


' ’ .1, ' *■, It I • 

'f 'V 'a’" “ 




VOLCANIC PRODUCTS 


8i 


fragments thrown out of the vent are called sconce, while portions 
of still liquid lava thus ejected will, on account of their rapid 
rotation, take on a spheroidal form and are called volcanic bombs. 
Laplh are smaller, rounded fragments, and volcanic ash and dusl 
are very fine particles, though with a wide range of variation in 
size. The term ash is so far unfortunate that it implies com- 
bustion, but nevertheless it accurately describes the appearance 
of these masses. 

_ In the immediate neighbourhood of tlie vent fragments of all 

sizea accumulate, but the farther we get from the volcano, the 

smaller do the fragments become. The coarser masses around the 

vent form a volcanic agslomerate, in which the fragments are of aU 

shapes and sizes,^lieaped together without any arrangement. More 

regular sheets of large angular fragments lorm volcanic breccia 

dol Srlr''^ be seen on a grand scale in the Yellowstone Na- 

Si The finer Mountain 
region Thn finer accumulations of ash, formed at a greater dis- 

dtcn ®°rted by the air and often quite 

distinctly divided into layers, while, as already c.vpiained 

muds on drying set into quite a firm rock, called lufor tufa 
As volcanoes so generally stand in or near the sej and as' the 
lighter fragments, such as jiumice, often drift for months upon the 
water before they sink, while the finer dust is carried vast dt 
tances by the wind, it would naturally be evnected ih.i , i 

materials should have a verv wide 0. . ^ ^ 

bntrnm On.u • j “ distribution u])on the sea- 

bottom Such indeed, proves to be the case, and this kind of 
material, laid down in the se-i i • 

• T „ , important rock misses 

r.s r o tt: '"IT T 

charactei^ of the rock formed m this fashion will be governed bv 
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The fragmental volcanic products, whether coarse or fine, retain 
their characteristic texture and appearance, so as to be readily 
recognizable, though perhaps only with the microscope. The 
great bulk of these materials consists of lava shattered by the 
steam explosions and quickly chilled. The courser fragments 
display the frothy and vesicular nature of scoriie, while the finer 
particles are glassy or crystalline. Mere comminuliun of the mass 
does not change its essential texture. 

It will be readily imagined that lavas very rarely contain fossils. 
Though the flows often overwhelm living beings, the intense heat 
at once destroys them, seldom leaving a truce behind, though 
charred tree-trunks arc sometimes recognizably preserved. In 
tuffs, on the other hand, fossils, especially those of plants, are 
frequently well preserved, and tuffs formed under water have 
fossils as abundantly as any other aqueous rocks. 

(3) The Gaseous Products are important as agents of the erup- 
tions, in promoting the crystallizing of the lavas, and in alter- 
ing the rocks with w^hich they come in contact. The most abun- 
dant is steam. Carbon dioxide is ('ornmon, especially when the 
action is failing, and often continues after all other signs of activity 
have died out. Sulphur dioxide (SO,^) is very characteristic and 
is the source of many other compoiuuls. Sulphuretted hydrogen 
(HgS) is a common volcanic gas, as is also hydrochloric acid 
(HCl). Several solids are vapourized, such as the chlorides of 
ammonium, iron^ calcium, etc., but these are of little significance. 

It is important to emphasize the vast quantity of material 
which, in many volcanic eruptions, is brought from the interior 
of the earth and deposited on the surface. Thus, the eruption of 
Skaptar Jokul in Iceland, in 17B3, produced an amount of lava 
, which is calculated as exceeding six cubic miles in volume. The 
’ fragmental materials derived from the great explosion of Kraka- 
toa, in 1883, are estimated at 4.3 cubic miles, while for that of Tern- 
boro; in 18x5, Verbeek gives the almost incredible figures of 28.6 
tjubic mite* , ’ 

'‘I’"' ' I 





Pacific I 
Most cone 
the fissures 
strengthen] 
er is noted 
ient crater 
lefore the ( 
lat the exy 
of 7Q 


V'^ :- .VOLCANIC ' CONES ^ ' 

^ Volcanic Cones are built up by the material which the volcanoes 
eject, and vary in shape according to the character of those ma- 
terials and to the violence of the eruptions. Those vents which 
yield only lavas build up cones of solid rock, the steepness of 
which corresponds to the degree of fluidity of the flows. The re- 
markably liquid lavas of the Sandwich Islands have formed cones 
of exceedingly gentle slope, 3° to 10° (see Fig. 28, the cone of Manna 
Loa). \'ery .stiff lavas which consolidate rapidly form very steep- 
sided cones. The cones which are constructed principally out of 
fragmental materials arc steep (30°); the more so, the coarser 
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improbable that the destriu''tion took place at a much earlier 
date. 

Violent explosion.^ occurrinp; within a volcano blow off more 
or less of the top, thus j)roducing the truncated cones and crater 
rings so often seen among volcanic mountains* 

Volcanoes, like other mountains, are subject to the destructive 
activity of the atmosphere, of rivers and of the sea, and, when 
eruptions have ceased, this destruction may go on with great 
rapidity, especially in the case of cones made up of loovse materials. 


nes call seldom be found, for this reason, and often 
lipe is the only record left of an ancient volcano, 
dons. —There is much reason to believe that the 
lie eruption from a single vent, described in the 
5, is not the only method by which molten lava 
iurface. It w^ould seem that in past times lava has 
tgh great fissures and overflowed immense areas in 
IS. As an example of this may be mentioned the 
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covering more than 100,000 
hundred feet. On an even ] 

Deccan in India, while sim 
Patagonia, Iceland, Scotland, and other 
Eruptions of this type are 
displayed in Iceland, ^ ' 
some of which are 20 miles in 


square miles to the depth of several 
is the lava plateau of the 
iller lava fields occur in 
regions. 

rare in modern times and are best 
where lava wells out through great fissures, 
length, and, in some cases, repeatedly 


Fig. 30. — Vesuvius and Monte Somma 

through the same fissure. Small craters which 
ranged along the fissures. At Schemakha, near I 
the Caspian Sea, the earthquake of 1902 was acct 
formation of a fissure, through which lava was 
unexpectedly because igneous rock had been prev 
in that area. 

The Causes of Volcanic Activity. —Many thei 
advanced to explain the causes of vulcanism, but 
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region remains active is determined by the size of the reservoir 
which supplies it. 

On the other hand, it is maintained by many students of vulcam 
ism that the material is derived from a deep-seated layer of ac- 
tually or potentially fused material, whicli everywhere underlies 
the surface of the earth. In. support of this opinion, it is p(.)inted 
out that often widely separated volcanoes are evidently connected 
in some manner, and that the volcanic prodiuis of all regions 
are closely similar. These two hyjjotheses are not altogether 
contradictory, for it is quite possil)le that some volcanoes may be 
supplied from shallow reservoirs which are so(m exhausted, and 
others from a deeper and general source of supply. 

(2) The high temperature has l^een ex].>iained in two principal 
ways. If we accept the nebular hypothesis of the origin of the 
Solar S}'stem, we must grant that the earth was once a globe of 
glowing gas, which subsequently condensed, in part at least, to a 
molten globe, and then solidifierl on the surface and to unknown 
depths. One explanation (.)f volcanic heat is that it is due to the 
originally high temperature of the earth, not yet lost by radiation^ 
whether in local reservoirs or in a universal, deep-'Seated layer. 
By those who accept the latter view, it is generally assumed that 
the interior of the earth is exc'ecdingly hot, but solidified l.)y 
pressure, and that when, by folding or fracturing of the overliing 
roi'ks, this pressure is partially relieved, the highly heated musses 
become liquefied along the line of diminished jiressure. 

In the second class of hypotheses on this subject of temperature, 
it is assumed that the earth never was in a molten condition, or 
that it has already so far cooled that its proper heat is no longer 
sufficient to produce fusion of rock. From this point of view, the 
great heat is believed to be generated mechanically, by the friction 
of internal masses under compression and contraction, or, with 
much less probability, to be due to chemical processes, or even to 
radio-activity. 

Similar divergences of opinion obtain with regard to the nature 
and origin of the lavas ejected by volcanoes. The view most 
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commonly lield is tliat they are, for the most part, the original, 
unaltered material of the globe, whetlier this has always remained 
fluid, or has been remelted by release of pressure, or otherwise. 
According to another opinion, volcanic proclucts are formed from 
the fusion of sedimentary material which was laid down under 
water, but has been deeply buried witliin the crust of the eartli by 
subsidence. A third view recogmV.es both sources of supply. 

(3) The problem as to the origin of the steam which plays so 
important a part in volcanic eruptions is likewise very differently 
solved by different investigators. One opinion is that the steam, 
like the lava itself, is primordial and was absorbed from the atmos- 
phere (wiiich then Gontained all the waters of the sea) when the 
surface of the globe was still molten. Melted substances will, it 
is known, absorb many times their owai volume of steam and 
gases, when in contact with them underpressure. From this it is 
inferred that the lava has contained the steam ever .since the first 
cooling of the surface crust. A second opinitni derives the water 
from the surface of the earth, supposing that it descends partly 
through fissures and partly through the pores of the overlying 
rocks by capillarity. The nearness of most volcanoes to the sea is 
looked upon as favouring this view% Others, again, employ both 
methods of explanation, regarding the ordinary steam wdiich im- 
pregnates all lavas as primordial, I>ut believing that the violently 
explosive eruptions are caused by the .sudden acce.ss of large 
bodies of water to the lava, massc.s. The. evidence of known facts 
is at present distinctly in favour of the view^ that the steam is essen- 
tially primordial. 

(4) The causes of the ascensive force of the lava column are 
sought by various writers in several different agencies. Some find , 
an all-sufficient cause in the steam pressure, wffiile others maintain 
that some other force must be at wmrk and find this partly in the 
w^eight of overlying masses, especially in the case of sinking blocks, 
and partly in the unequal contraction of the earth, and consequent 
pressure upon the molten or pla.stic layer beneath. It has been 
calculated that a radial contraction of one millimetre would 
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wsuffice to supply matter for five hundred of the greatest known 
volcanic eruptions^’ (Prestwich.) That steam is an essential 
factor in this, as in other volcanic phenomena, appears to be well 
establishecl Steam and other gases and vapours, under great ].)res- 
uires and at high temperatures, liave a remarkable penetrating 
power and, when suddenly released, will perforate metal or rock like 
a projectile. Even under a pressure of only a few hundred at- 
mospheres, superheated steam corrode.s and abrades like the 
sand-blast, as a substitute for which it is now frecpiently em- 
ployed. 

(5) The intermittenev of volcanoes and their mode of distribu- 
tion add to the dilTiculty of the whole sulpcct, hut any complete 
theory must explain them. I'he views which l-iring volcanic action 
into relation with the mechanical changes in the crust are those 
which seem most consonant with the known facts of the ])ast and 
present distribution of the vents. 

Here, for lack of space, we must leave the subject. Ihnnigh 
has been said to show how far we still are from understanding the 
mystery of volcanoes. 

The Internal Constitution of the Earth 

The interior of the earth is comj>Ietely beyond the reach of 
direct observation and what is known, or may be reasonal.)]y in- 
ferred, a>s to its ]>hysicul constitution, is derived from various 
lines of Indirect evidence. The deepest boring ever made is less 
than inyVir P^Htof the earth’s radius, and we have no experience with 
such enormous ])ressures as obtain within the mass of the globe, 
and can therefore form but imperfect conceptions of their effects. 

From observations with the pendulum and plumb-line it is 
calculated that the specific gravity of the earth as a whole is 5.6, 
while the average specific gravity of the rocks which form the ac- 
cessible parts of the crust is only a. 6. It follow's that the in- 
terior of the globe is composed of much denser materials than the 
superficial portion, and this fact, together with the phenomena of 
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terrestrial magnetisnij lias led many to the belief that the earth 
is substantiaily a globe of iron. This inference is also supported 
by the occurrence of native, or unoxidixed, iron in certain igneous 
rocks. 

Temperature of the Earth’s Interior. — Volcanoes, which eject 
molten and white-hot lavas, and thermal springs, which pour out 
hoods of hot and even boiling ^vater, plainly indicate that the in- 
terior of the earth Ls highly heated, at least along certain lines. 
Direct observations tend to prove that tliis high temperature is 
universally diffused through the earth\s mass. For a short dis- 
tance below the surface of the ground the temperature varies, like 
that of the air, though not so greatly, between day and night. 
Farther down, the daily variation ceases, but there is a seasonal 
variation, also with a less extreme range than the seasonal differ- 
ences of the air- temperatures. The almost constant temperature 
of deep cellars and ice-houses is a familiar fact. At a still greater 
depth is reached a level where the temperature remains the same 
throughout the year, and is but slightly in excess of tlie average 
annual temperature of the air above ground at a given locality. 
Evidently the temperature at the level of no variation is deter- 
mined by the solar heat and other climatic factors, and its tlepth 
depends u|)on the range of temperature changes in tiie air. In the 
tropics, with their uniform <Iegree of lieul, the le\'el of no variation 
is only three or four feel bt^low the siirfac'c, and much the same is 
true of the polar regions, where the ground is [)ermanently froxen 
to a depth of several hundred feet, l>ut in the temperate ?.ones this^ 
level is much deeper; generally speaking, the depth increases w'ith 
the latitude and at New York is about fifty feet, but the level again 
rises toward the surface as the polar regions are approached. 

Even at the leyel of no variation the inherent heat of the earth 
makes itself apparent, and below this level the temperature in- 
creases with the depth, though at very different rates in different 
places. Thus, in Great Britain the rate of increment varies be- 
tween F. for every 30 feet of descent and for every 90 feet. 
Increasing heat with increasing depth is observed in all deep 
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borings, tunnels and mines, and often has completely checked 
any further penetration. The levels at which the great tunnels 
under the Alps were placed were determined chiefly by considera- 
tions of temperature, as it was necessary to avoid a degree of heat 
in which men could not work. 

The deepest borings in the world are those in Prussia, some of 
them considerably exceeding a mile in depth. OIjservations made 
in these borings give an average increment of about i^ F, for every 
6o feet. Should this rate be continued regularly, it would reach, at 
a depth of 35 miles, a heat sufficient to melt almost any known 
rock, at atmospheric pressure. However, the available observa- 
tions are much too superlkiai to permit the formulation of any 
general law, farther than the establishment of the fact of the uni- 
versal increment of temperature with descent into the earth. 

Physical State of the Earth’s Interior. — Opinions concerning the 
internal constitution of the earth differ very radicaliy and only 
within the last few years has evidence begun to accumulate which 
permits the drawing of certain inferences with a considerable 
degree of probability. 

Many hypotheses as to the condition of the earth’s interior have 
been proposed, of which the following arc the most important: 
(i) That the earth is a molten globe, covered only by a relatively 
thin crust. (2) That it is substantially a solid buciy. (3) That 
the interior passes gradually from a solid crust to a gaseous core, 
heated beyond the critical tem},>eratiire atid yet under sutli enor- 
mous pressure that the core is as rigid as a sol id body, but still a 
gas in molecular condition. According to this theory, the tem- 
perature of the earth at the centre is about 180,000® F. and the 
pressure 3,000,000 atmospheres. (4) That it has a very large 
solid nucleus surrounded by a layer of fused material, upon which 
the crust floats in equilibrium. 

In the present imperfect state of knowledge, it is not possible to 
decide definitely between these conflicting hypotheses, but, as 
mentioned above, evidence ha.s been obtained which seems to 
point clearly to certain conclusions. 


93 


PHYSICAL STATE 

(1) The fixsty or thin crust ’’ h}TX) thesis, is now almost en- 
tirely abandoned, for there is really no evidence in its favour and 
very much against it. The velocity and character of the earth- 
quake waves which traverse the mass of tlie globe and the as- 
tronomical relations of the earth as a planet, especially the tidal 
phenomena, are strongly opposed to this view. 

(2) That the earth is substantially a solid body, is the opinion 
held at present by many geologists and astronomers. In support 
of it may be cited the astronomical evidence just mentioned, and 
the earthquake waves, the speed of which requires a medium 
more rigid than steel, while the very transmission of the trans- 
verse or distoi’tional waves would seem to require a solid 
medium. 

(3) Between the second and third h3T)otheses the distinction is 
one not easy to explain in an elementary manner, and there are 
many modifications of the latter. According to Arrhenius, “ the 
rigidit}^ of the earth is greater rather than less than that of steel, 
but the interior forms an extremely viscous mass, with qualities 
somewhat like those of asphalt at a low temperature, of pitch, 
sealing-wax and glass.’’ These bodies behave under forces of de- 
formation, which act quickly or wu‘th constantly changing direc- 
tion, like solids; but under slow, long-continued pressures, acting 
in a constant direction, they beliave like fluids. Observations and 
records of very distant earthquakes show that when the |)ath of 
the mass-waves penetrates to a de|')th of more than three-fifths of 
the earth’s radius, the transverse waves of distortion are cither 
extinguished or greatly retarded. This points to a change in the 
character of the medium and decidedly supports the notion of a 
gaseous core postulated by this hypothesis. 

(4) The fourth hypothesis, which assumes the presence of a fused 
layer between the crust and the solid nucleus, with gradual tran- 
sitions from, one to the other, is belie\^ed to avoid the astronommal 
objections to a molten globe, as well as certain geological difficul- 
ties in accepting the hypothesis of an entirely solid earth. The 
earthquake observations, so frequently cited, are decidedly op- 
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posed to the l>elief that a layer of actually fused matter can exist 
at a moderate depth l.)eIow the surface. 

It is thus probable that below the superficial crust j onl}^ a few 
miles in thickness, the great mass of the earth is composed of very 
dense material, which transmits elastic waves like a very perfectly 
elastic solid, and 3^et is so highly heated and under such enormous 
pressure that it is pc^tentialiy fused and liquefies upon sufficient 
release of |)rcssure, and yields ]>lasticaliy to slow, long-continued 
stresses whicli act in a. constant direction. Furthermore, there is 
evidence that a core, twodiflhs of the earth's diameter and com- 
posed of matter in a diiTerent state of aggregation, which may l^e 
gaseous, occupies the centre. 

In this connection something should I)e said concerning the 
important theory of isostasy, which may be thus defined : Tlie 
earth is composed <^f heterogeneous material which varies con- 
siderably in density. If this heterogeneous material were so ar- 
ranged that its density at any point depended simply upon the 
depth of that point below the surface, ... a state of equilibrium 
would exist, and there would be no tendency toward a rearrange- 
ment of masses. 

If the heterogeneous material composing the earth were not 
arranged in this manner at the outset, the stres.ses produced by grav- 
ity would tend to bring about such an arrangement; Imt as the 
material is not a perfect fiuid, . . . the rearrangement will be 
imperfect. . . . The excess of material reprCvSented hy that por- 
tion of the continent which is above seadevel will be com})ensated 
for by a defect of density in the underlying material. The conti- 
nents will be fioated, so to speak, because they are composed of 
relatively light material; and, similarly, the floor of the ocean will, 
on this supposed earth, be depressed, because it is composed of 
unusually dense material This particular condition of approxi- 
. mate equilibrium has been given the name isostasy.^’ (Tittmann 
and Hayford.) 

’ The recent very extensive and exact operations of the United 
States Coast Survey have brought strong confirmation of the 
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theory of isostasy. ^^The United States is not maintained in 
its position above sea-level by the rigidity of the earth, but is, in 
the main, buoyed up, floated, by material of deficient density. ’V 
(Tittmann and Hayford.) 

It should be noted that isostasy, being a condition of approximate 
equilibrium, is conservative in tendency and does not ex}.>Iain the 
active movements of elevation and depression of the crust. 

The whole subject of the temperatures and physical state of 
the earth’s interior has been complicated and obscured by the 
discovery of radio-activity, and already some very far-reaching 
inferences have been drawn from the distribution of radio-active 
substances in the rocks. At present, however, it would be prema- 
ture to give any extended discussion of this problem. 

Summary. — The study of the subterranean, or igneous, agen- 
cies has proved to be very unsatisfactory in the way of explaining 
the phenomena and referring them to the operation of understood 
physical agents, because so little is really kiunvn and so much 
remains to be discovered. Nevertheless, we liave learned much 
that is of great importance in geological reasoning. We have 
seen that the earth contains within itself a great store of energy, 
and that its interior, in whatever physical slate that may be, Is 
highly heated, and possesses great quanlities of material which is 
either actually or potentially molten, anti is ])ermealed with super- 
heated steam and other gases. I'his molten maleriiii is often 
forced upward, and is either poured out at the surface, or fills up 
fissures and cavities in the rocks, or pushes its way between them. 
Cooling under various circumstances, the moltei; masses con- 
solidate into a great variety of characteristic rocks, frothy, glassy, or 
crystalline. Explosive discharges of steam blo^v the melted rock 
into fragments of all grades of fineness, and these fragments like- 
wise accumulate either on the land or under water, and form 
rocks, the nature and origin of which may be readily recognised. 

We have further seen that the oyjeration of these subterranean 
forces produces shocks and jars in the interior, which are propa- 
gated to the surface as earthquakes, and there bring about par* 
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manent changes, associated with the fissuring and disiocation of 
the rocks, landslips, alteration in the course of rivers, formation 
of lakes, and the like. The frequency of earthquakes, their wide 
geographical range, and the constant tremor of the gi-ound de- 
tected by delicate instruments, led us to infer that the crust of the 
earth is decidedly unstable. 

This conclusion we found strengthened by the oscillations of 
level between land and sea, which, though extremely slow, are 
seen to be still in progress. Historical geology will show us that 
these changes of level have, in the course of ages, been effected 
on the grandest scale. Almost all the great c<.)ntinents are com- 
posed of rocks which, for the most part, were laid down in the sea 
and still contain the fossils of marine animals, and this shows that 
these continents have been under the sea. Not that all parts 
of any continent were submerged at the same time, but now one 
part and now another was overflowed and again emerged, until 
nearly all have been covered in their turn. 

In brief, the principal geological functions of the subterranean 
agencies are two: (i) they bring up from below and form at the 
surface, and at all depths beneath it, (*erlain characteristic kinds of 
rocks; and (2) they tend to increase the inequalities of tlie eartlUs 
surface, and ihu.s to coimterai't Jie agencies which are cutting down 
the land and steadily lending t j reduce it to the level of the sea* 


SECTION II 

SURFACE AGENCIES 

The superficial, or surface, agents, all of which are manifestations 
of solar energy, are those which act upon or near the surface of the 
ground; only one, circulating water, is able to penetrate to con- 
siderable depths within the earth. The work of the surface agents 
may all be summed up in two categories, i\\<& deMniction 
reconstruction of rock. Them two processes are complementary; 
for, since matter is indestructible, and can have only its position 
and physical and chemical relations changed, it is obvious that 
what is removed in one place must be laid down in another. 
Neither process, therefore, can go on without the other, and recon- 
struction necessarily implies antecedent destruction to furnish the 
materials. Ceaseless cycles of change are everywhere in pr<.)gre.ss, 
new combinations continualiy formed, and older rocks worked over 
into newer. It is this circulation of matter upon and within the 
crust of the earth, which we ha\*e already (‘ompared to the physio- 
logical changes in the body of a li\-i ng organism. 

The work of destruction and reconstruction is in a continuous 
series of changes, beginning witli the mechanical disintegration or 
chemical decomposition of an older rock, followed by the trans- 
portation of the material thus supplied, for longer or shorter dis- 
tances, its deposition in a new place, and finally, if the series is com- 
plete, the consolidation of the loose debris into rock. 

The processes of rock destruction and removal, which are 
grouped together under the general name of denudation, or erosion^ 
are chiefly confined to the land surfaces, while those of recon- 
struction take place principally under bodies of water and, most 
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of all, in the sea. An important work of reconstruction is also 
performed on the land, but on a less extensive scale than in 
the sea. 

The surface agents all act both destructively and reconstruc- 
tively according to circumstances, but with very different degrees 
of efficiency. Certain agents are preeminently destructive, others 
as preeminently reconstructive, while others again operate most 
efficiently as agents of transportLition. Again, as was pointed out 
in the Introduction, the depth below the surface at which operations 
take place has a very important bearing upon the effect produced. 
From this point of view, we may regard the earth crust as being 
composed of a number of concentric shells, of somewhat irregular 
thickness and rather indefinite, or even fluctuating, boundaries. 
The superficial shell, which extends from the surface down to the 
level of the ground water (see p. 124), is called the shell 0} 
weathermg (Van Hise's “ belt of weathering and is character- 
ized by the oxidation, carbonatiQn, and hydration of minerals, and 
great quantities of material are removed in solution. As a result 
of the.se operations the njcks are decom|)o.sed, becoming soft and 
friable; the minerals produced are few in numljer, ui simple com- 
position, and are usually imperfectly crystallized. The second 
shell, that of which extends d(nvn ward from the ground- 

water level to a varying depth with undetermined lower limit, 
is largely saturated with water, and hence has but a limited supply 
of oxygen and carbon dioxide. Therefore, wliile oxidation and 
; carbonation occur, they are less important than hydration, and the 
resultant minerals are more crystalline than in the shell of weather- 
ing. Solution goes on, but deposition becomes very important 
and fills the openings in the rocks with mineral matter, and the 
general effect of the various processes is to harden the rocks. 

The work of the surface agents, in its threefold aspect of erosion, 
transportation, and deposition, is ]3rofouiidly affected by the dia- 
strophic movements of the earth's crust. In a given case the 
effects produced will vary greatly in accordance with the elevation, 
subsidence, or stationary character of the region. In general, ele- 
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vation favours denudation, and subsidence favours deposition of 
transported material. 

In stud\ ing the woik of the surface agents, the logical order of 
treatment requires that the destructive operations be considered 
first. The agencies to be examined are: (i) the atmosphere, 
(2) lunning water, (3) ice, (4) kikes, (5) the sea, (6) animals and 
plants. Of these various agents the work is principally mechanical, 
but Aidtei, in its various forms, is a slow but extremely efficient 
agent of chemical changes. 


CHAPTER IV 


DESTRUCTIVE PROCESSES. — THE ATMOSPHERE 

The atmosplieric agencies are by far the most inipartant of the 
destructive or denuding agents, because no part of the land surface 
is altogether exempt from their activity; Their work is described 
by the general term wealheritig^ and is sliown at once by the dif- 
ferent appearance of freshly cjuarrled stone from that which has 
been long exposed in the face of a cliff, or even in ancient build- 
ings^ While such agents as rivers and the sea do work that is 
much more apparent and striking than tliat of the atmosphere, 
yet they are more locally confined, and even in their opera- 
tions the atmosphere renders imporhint aid. Though no part 
of the land surface is entirely free from the desliaictive activity of 
the atmosphere, the rapidity and intensity of this activity vary 
much in different places. There are, in the first place, the great 
differences of climate to be considered, differences in the amount 
and distribution of the rainfall, of temperature, and of the winds. 
In the second place, the resistance offered hy the various kinds 
of rocks to the disintegrating processes differs very greatly, in 
accordance with tlie differences of hardness and chemical! compo- 
sition. Again, the presence or absence of a covering of protective 
vegetation has an im})ortant intluencc upon the amount and char* 
acter of the destruction effected. 

The outcome of all these varying factors is to produce very 
irregular land surfaces. While the tendency of the atmospheric 
agencies is gradually to wear down the land to the level of the 
sea, yet in that process some parts are cut away much more rapidly 
than others; and hence first effect of denudation is an increas- 
ingly irregular surface. The overlying screen of soil conceals many 
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of these irregularities, especially the minor ones; and were that 
screen removed, the rock surface would, be seen to be much more 
in*egular and rugged than the actual surface of the ground. 

So long as the land surface is varied by hill and valley, it is said 
to possess relief; and when it has all been planed down to a fiat 
or gently sloping surface, raised but slightly abo\^e the level of the 
sea, it is said to have reached the ha se-kvcl of erosion^ ot to l^e 
hase-leveUed. 

The atmospheric agents may be conveniently divided into 
(i) rain, (2) frost, (3) changes of temperat U‘e, (4) wind. 

I. Rain 

The work of the rain, which is both chemical and mechanical, 
varies greatly in accordance with climatic factors. The annual 
precipitation of two regions may be the same in amount, but in one 
the rainfall may be in very frequent, gentle showers, and in the 
other in less frequent, but far heavier and more violent downpours; 
under such different conditions the destructive work of the rain 
will be very different. Effects of still another kind are produced in 
those regions which ha\’e regularly alternating rainy and dry 
seasons. Temperature also modifies the work of the rain to an 
important degree, so that results are ]>rought about in warm coun- 
tries quite different from those observed in temperate and cold 
regions. Thus, each climatic zone exhibits the work of the rain 
with characteristic dilferences. 

Perfectly pure water would act upon rocks witli extreme slow’- 
ness, but such water is not known to occur in nature. The rain- 
drops, formed by the condensation of the watery vapour of the 
atmosphere, absorb certain gases which very materially increase 
the solvent power of the water. Of these gases the most important 
are oxygen (O) and carbon dioxide (COo), and all rain-water 
contains them. 

It was formerly supposed that rain-water in percolating through 
the soil acquired additional destructive efficiency by absorbing 
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certain products of yegetable decomposition called humous acida 
Recent exact investigations, however, have thrown grave doubts 
upon the existence of these acids in the soil, and the effects 
which had been ascribed to tliem are now referred to carbon 
dioxide acting out of immediate contact with the atmosphere. 

One of the first and simplest effects of atmospheric moistii]*e 
consists in the hydratim of the minerals exposed to it. Hydra- 
tion, the taking up of water into chemical union, is an important 
agency of decay; it causes an increase of volume and thus greatly 
increases the pressure in the lower parts of rock masses which 
contain hydrating minerals. In the District of Columbia /'’ granite 
rocks have been shown to have become disintegrated for a depth of 
many feet, -with loss of but some 1346 per cent of their Ghemical 
constituents. . . . Natural joint blocks brought up from shafts 
\vere, on casual inspection, sound and fresh. It was noted, how- 
ever, that on exposure to the atmosphere, such not infrequently fell 
away to the condition of sandd’ (Merrill) 

Oxidation affects especially the iron minerals and thus brings 
about conspicuous colour changes, for iron Ci)mpuunds form the 
principal colouring matter of the rocks and soils. Ferrous 
pt)Unds give little cc^loiir, but the rot'ks in which they occur are 
apt to have a blue or grey tint, due to otlier su])stance,?s, ]>oth organic 
and inorganic. When such rocks are exposed to the action of air 
and water, the ferrous compounds are oxidized, {woducing ferric 
oxide and ferric hydrates, the farmer giving a red colour and the 
latter various shades of yellow and bn.)wn. 

When fired in a kiln, a blue day will yield red bruks, by the 
conversion of FeCOs into Fe20s. In nature, rain-water effects a 
similar change, and the contrast between the su|,>erfieial and deep- 
seated parts of the same rock is often as great as between blue clay 
and red brick. Weathered blocks stained red on the outside are 
often blue, grey, or nearly black on the inside, because the change 
has not affected the whole mass. 

An especially important and wide-spread change is carhonaiion^ 
due to the carbon dioxide which all natural waters contain in 





greater or less quantity. The silicates are attacked and decom- 
posed in a manner that will be explained beloWj and, under 
certain circumstances, the insoluble ferric hydrates are converted 
into soluble ferrous carbonate. 

Finally, solution plays a highly important role in the destructive 
work of the rain. All rocks contain some soluble material, and 
when this soluble material is removed, the rock crumbles into a 
friable mass, which, on complete disintegration, forms soil. This 
may be illustrated by a block of frozen earth, which is as hard 
as many rocks, being cemented by the ice crystals, which bind 
the particles of soil together. When the ice is melted, the mass 
immediately becomes incoherent. So, in the rocks, the re- 
moval of even a small quantity of soluble material often causes 
the whole to crumble. Except vegetable moulds, all soils are 
derived from the decay and disintegration of rocks. 

The chemical composition of the rock- forming minerals varies 
so much, that the processes which destroy them must var}” corre- 
spondingly, differing in the case of the igneous rocks, on the one 
hand, from that of the sedimentary rocks, on the other. 

Most igneous rocks are made up of crystals of some kind of 
felspar (see p. 13), associated with such minerals as augite (p. 16), 
hornblende (p, 16), and quartz (p. 12). In granite, for example, 
which is composed of orthoclase felspar, quartz, and mica or horn- 
blende, rain-water slowly attacks the orthoclase by di.ssolving out 
the potash, probably as a carbonate, and also a considerable 
proportion of the combined silica. The aluminous silicate, which 
forms the residue, is hydrated as kaolinite (Al^Oy, 2 SiOo, 2 HoO), 
forming clay, while the quartz is little or not at all affected. 
The mica, if present, is very slowly attacked, the hornblende 
more readily. 

The decomposition of granite, then, results in the formation of 
clay, through which are scattered flakes of mica (if mica were orig- 
inally present) and the unaltered grains of quartz. In the other 
igneous rocks the manner of decomposition is essentially similar; 
the complex silicates are broken up into simpler compounds, claj! 


RAIN 



THE ATMOSPHERE 


being derived from the alunn^iioiis siiicatesj especially the felspars, 
while tlie quartz, if present, is broken up into fragments and forms 
sand. The bases, potash, soda, lime, magnesui, iron, etc., are 
removed in solution, chieily as carbonates, and more or less of the 
silica is also dissolved and carried away. Even when an igneous 
rock is yet firm and hard and, to the naked eye, appears to be 
quite unchanged, the 
decav. 


Pm. 33. — Boulders of weathering, Eidon Mt„ Arizona. (Photograph by A. E. 
Hackett, Flag.staff, Arizoua) 


In most tropical regions, where there is a long dr)* season, fob 
lowed by a wet season ot violent rainfall, the manner of decay is 
characteristically different. The felspars and other aluminous 
silicates lose nearly all of their silica, so that the residue is the 
hydrated oxide of aluminium, not the silicate, and the iron is oxi- 
dized, forming nodules and masses and staining the whole a deep 
red,. This characteristic warm-country soil is called hterite. 
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Veiy many igneous rocks weather heaps and masses of 
rounded boulders, which are often mistaken for the deposits made 
by glaciers. The spheroidal shape is due to the more rapid decay 
of the edges of the original joint blocks, which are attacked on both 
sides at once. As the edges and angles are removed more quickly 
than the broad faces of the blocks, a rounded form results. Once 
acquired, the round shape is long retained, because then decay 
penetrates at a nearly equal rale from all parts of the surface. 

Rocks which arc themselves com})Osed of siil)stanccs derived 
from the decay of older rocks are attacked in their turn and yield 
material for new formations. These derivative rocks, such as 
sandstones, slates, and limestones, are affected in characteristic 
ways by the rain. 

Sandstones are composed of grains of saml (quartz, SiOo) ce- 
mented together; the cementing substance may be silica itself, 
some compound of iron, such as or car]3onatc of lime 

(CaCOs), and the dissoh'i ng away of the cement causes the rock 
to crumble into sand. In a sandstone with, siliceous cement the 
action is excessively slow, atmospheric waters having very little 
effect upon silica, but underground it is slowly attacked. Ferric- 
oxide (FesOjj) is likewise unchanged by rain-water, l^ut beneath 
the soil it is converted into the soluble carbonate and removed. 
The uppermost layers of red sandstone are often thus com])letely 
disintegrated into loose sand, bleached by the removal of the iron 
which gave it its colour. Carbonate of lime is very soluble in water 
containing carbon dioxide, as all'niin-water does, and in sandstones 
with calcareous cement, disintegration is rai)id. In sandstones 
and slates it is the cementing substance which is removed, leaving 
the grains of sand or particles of clay unchanged. This is because 
the materials of these rocks were, for the most part, originally 
derived from the decomposition of the igneous rocks, and the 
minerals which compose them are already of a very simple and 
stable character. 

The sandstones are largely employed for building materials, and 
their value and permanence for such purposes depend principally 
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Fig, 34.—- Soil ongmating in place by the decomposition of sandstone 

dtirable, those with calcareous cements usually yielding with com- 
pathtive rapidity to the attacks of the weather. 
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Slates and shales, by removal of their soluble constituents, 
crumble down into clay. 

Limestones are among the few rocks which are chiefly or entirely 
made up of soluble material, the carbonate of lime (CaCOu). 
This is attacked by the rain-water, dissolved and carried away in 
solution, while the insoluble impurities contained in the rock 
remain to form soil The proportion of such impurities varies 
greatly in different limestones, aiKl hence the residual soil will 
vary, but it is generally a clay, since that is much the commonest 
of the impurities in limestone. Sand also occurs in limestones, 
either with or without clay. When the sand forms a coherent 
mass, out of which the calcareous material has been dissolved, it 
is called 

The gradual formation of soil by the disintegration of rock may 
1)e easily observed in excavations, even shallow ones, such, as cel- 
lars, wells, railroad cuttings, and the like. At the surface is the 
true soil, which is usually dark-coloured, due partly to the admix- 
ture of vegetable mould, partly to the complete oxidation and hy- 
dration of its minerals. Next follows the subsoil, which, owing to 
the absence of vegetable matter and the less complete oxidation 
and hydration, is of a lighter colour. I’he siibs<al is frequently 
divided into distinct layers, and often (xmtains unaltered masses 
of the parent rock, which have resisied deconquisition, while the 
surrounding parts have become entirely disintegrated. By im- 
perceptible gradations the subsoil shades into what looks like 
unaltered rock, but is friable and crumbles in the fingers; tliis is 
rotten rock. From this to the firm, unchanged rock the passage 
is equally gradual 

In the northern portions of the United States the soil is, in most 
localities, of only moderate depths, because at a late period (geo- 
logically speaking) this region was covered with a great ice-sheet, 
which swept away much of the accumulations of ancient rock 
decay. In the parts of the country where the ice-sheet did not 
come, the soil is much deeper, and in tropical lands it attains 
remarkable depths. In our Southern States the felspathic rocks are 
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often found thorouglily disintegi'ated to depths of 50 or 100 feet^ 
while in Brazil the soil is often 200 to 300 feet deep. 

The Biechanicai effect of rain is less extensive, perhaps, than its 
chemical, work of disintegration, but is very important, neverthe- 
less, Under oi'dinary conditions, this mechanical work consists in 
the washing of soil from higher to ■ lower levels. How consider- 
a])le is the movement of soil that has thus been brought about, may 
be imagined when one sees, after a heavy rain, the rills which 
run over the slopes, muddy and charged witli sediments, and how 
turbid the streams become with the soil which the rain washes into 
them. Bare soil i$ rapidly torn up and washed away by the action 
of rain, but a covering of veget:ation, and especially of the elastic and 
matted stems and roots of grasses, much retards the action. 

Other things being equal, the rapidity with which the rain 
sweeps away the soil depends upon the steepness of the slope 
upon ^vhich the soil is formed; for gravity largely determines 
these movements. On cliffs and steep hillsides the soil is 
quickly removed, and . in such places it is thin or quite lacking, 
while in the valleys it often accumulates to great de|)ths. Even 
on gentle slopes and almost stretches the rains slowly wash it 
downward, and eventually into the streams which carry it to the 
sea. The soil is thus not stationary, ]>ut under (he intluence of the 
rains and streams is slowly but steadily travelling seaward. Dis- 
regarding the alluvial deposits made In rivers, and stnls accu- 
mulated by the action of ice or wind, tlie soil of any <ii.-.tnct is 
thus a residual ])roduct, attd its tjuantily represents llie surplus of 
chemical disintegnition over mechanical removal 

The mechanicui action of rain is greatly increased hy extreme 
violence and volume of precipitation; a single “cloud-bitrsU’ will 
do far more damage than the same quantity of rain falling in 
gentle showers. Those who know only the temperate regions can 
form but imperfect conceptions of the violence of tropical rains. 
On the southern foot-hills of the Himalayas, for example, the rain- 
fall is exceedingly great (in some localities as much as 500 inches 
per annum), and almost all of it is precipitated in six months of the 
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year; especially remarkable is the c[uantity which often falls in a 
single day. “ The channel of every torrent and stream i.s swollen 
at this season, and niuch sandstone and other a*ocks are reduced 
to sand and gravel by the flooded streams. So great is the .super- 
ficial waste, that what would otherwise be a rich and luxuriantly 
wooded region is converted into a wild and barren moorland.^’ 
(Lyell.) 


Bad lands of South Dakota, 


The action of rain is thus by no means uniform, the results de- 
pending upon so many and suclx varying factors, that we may find 
marked differences in closely adjoining rcgioiivS, and even in one 
and the same mass of rock. One of the most remarkable monu- 
ments of rain erosion is exhibited b}’' the curious districts in the 
far Western States known as the had lands ^ which cover many 
thousands of square miles in the Dakotas, Nebraska, Wyoming, 
Utah, etc. The bad-land rocks are mostly rather soft sandwStones 
and clays, with prevailingly calcareous cements, and formed in 
nearly horizontal beds or layers. The rainfall is light, though 
torrential showers sometimes occur; but the absence of vegeta- 
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tion is favourable to its efficiency^ and the present aridity of the 
dimate is not of very long standings from a geological point of 
view. The chemical action of the rain has disintegrated the rocks 
by dissolving out the calcareous cement, and then the debris 
so formed has been mechanically washed avvay. 

At the present time the action of the rain is very slow, because 
the debris which covers the sides of the cliffs and slopes is almost 


Fig. 36.^ — Batl lands near Adelja, Nebraska. The rock in the middle distance is 
sandstone formed in a stream-channel and the bluffs are ffood-plain deposits. 
(U, S. G. S.) 


impervious to water, and holes left after the excavation of fossil 
skeletons often remain visible for many years; but where the 
bare rock is exposed, the disintegrafitm often procced.s with ex- 
traordinary rapidity, and a single shower will produce notable 
effects. The different layers of rock resist decay difTerentiy, and 
even in the same bed some parts are much more durable than 
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dinerentuil ■vvciithcring has resu]t6cl in that remark- 
ind grotesqueness of form, resembling the ruins of 
js and castles, for which the bad-land scenery is 
; sculpture of the rain produces this variety in'ac- 
.1 the arrangement of the more and less durable 
‘-111 iiiigement of these liivers Drodurpsi n 


iMG. 37. — Bad lands in Wyoming, with talus slopes, (U. S. G. 

by the pillars of Monument Park, Colorado, which an 
weathering, the capping of hard rock protecting the soft sa 
below. (See Fig. 38.) 

^ The mechanical w'ash of rain is greatly retarded when tire 
IS covered with dense vegetation, which protects the soil 
the impact of raindrops and the wear of rain rills. The ■ 
of the vegetation is often speedily followed by disa.strous 
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and especially the reckless and wanton destruction of the forests, 
which has gone on in this country ever since its settlement by 
Europeans, lias been followed by the loss of valuable soil on a 
vast scale. Speaking of the soil destruction in the old fields of 


Fig. 38. — Monument Park, Colorado. (U. S. G. S.) 

southern Mississippi, McGee says that they are washed away, 
“leaving mazes of pinnacles divided by a complex network of 
runnels glaring red toward the sun and sky in strong contrast to the 
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rich verdure of the hillsides never deforested. . . , Whole villages, 
once the home of wealth and luxury, are being swept away at the 
rate of acres for each year.” 

It is to be hoped that the work of the United States Bureau of For- 
estry, in endeavouring to check this terrible destruction, may re- 
ceive the support it so well deserves from every intelligent lover of 
his country. 

2. Frost 

The term frosty in this connection, is restricted to the freezing of 
water. Water is one of the comparatively few sulistances which 
expand considerably on solidifying. This expansion amounts to 
about one-eleventh of the original bulk of the water, and, exert- 
ing a pressure of somewhat more than 2000 pounds per square 
indi, takes place with irresistible power, bursting thick iron vessels 
like egg-shells. 

Excepting loose, incoherent masses, like sand and gravel, no 
rocks are formed of continuous sheets of material, but are rather 
to be considered as masses of blocks, divided by joints (see 
pp. 5 and 136). In addition to these visible clefts, the blocks 
are traversed by minute crevices, rifts, and pores, ail of which 
openings take up and retain quantities of water, as may readily be 
seen by examining freshly quarried stone. When exposed to a 
low temperature, the water freezes iind forces out the large blocks 
and shatters them into pieces of smaller and smaller size. The 
fragments thus formed are called fahis^ and great accumulations of 
such blocks are found at the foot of cliffs in all regions wliere the 
winters are at all severe. Talus accumulations are also formed by 
other agencies, as will be seen in the sequel. Alternate freezings 
and thawings not only break up rocks, but cause the broken 
fragments and soil to work their way down slopes. Each freezing 
causes the fragments to rise slightly at right angles to the inclined 
surface, and each thawing produces a reverse movement; hence 
the slow creep down the slope. 

The action of frost is, of course, practically absent iii the low- 
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lands of the tropicSj but in high mountains and in all countries 
which have cold winters, frost is an agent of great importance in 
the mechanical shattering of rocks and slow destruction of cliffs. 
The hardest rocks are shivered into fragments and, dislodged from 
their places, the fragments roll down the mountain side till they 


Fig. 39. --Shales creeping ” imder the action of frost. (U. S. G. S.) 


come to rest, perhaps thousands of feet below. Immense accumu- 
lations of frost-made talus are to be found in such places as the 
foot of the Palisades of the Hudson, the abrupt southern slope of 
the Delaware Water Gap, and wherever cliffs or peaks of naked 
rock are exposed to severe cold. Many mountain passes are so 
bombarded by falling stones as to be extremely dangerous; in the 
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Sierra Nevada of California, talus slopes as much as 4000 feet high 
are reported, all the work of frost. At Sherman, where the Union 
Pacific Railroad crosses the ^‘continental divide/’ the ground is 
covered for miles with small, angular fragments of granite broken 
up by the frost. 

In the polar regions frost is probably the most important of the 
disintegrating agents. In Spitsbergen Beechy found that in sum- 
mer the mountain slopes a],)Sorb quantities of water, which freezes 


Fig, 40. — Cliff and talus slope* Delaware Water Gap, N.J. 


in winter with very destructive effect. ** Masses of rock w^cre, in 
consequence, i*epeatedly detached from the hills, accompanied by 
a loud report, and falling from a great height, w^ere shattered to 
fragments at the base of the mountain, there to undergo more 
rapid disintegration.’^ Similar phenomena are reported from the 
Aleutian Islands of Alaska. 

The action of frost is, in itself, purely mechanical; no chemical 
change is occasioned by it, and the smallest fragments into wliidra 
block may be riven are sharp and angular, and the minerals have 
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unaltered and shining faces. on the other hand, frost pre- 

pares the way for the more rapid action of rain and i,>ercolating 
waters. Tlic effects of these agents are produci‘d upon the surface 
of the roc'ks and the walls of the crevices which run tlirough tliern. 
By breaking uj) the blocks, the frost greatly increases tire surface 
and thus facilitates the work of tlie rain. A Ijreaking up of one 
c:u]>ic foot inito cubic inches multiplies the exposed surface by 1.2. 

Frost is an extremely superficial agent and acts effectively only 
a few feet below the surface. In the polar regions the ground 
is permanently frozen to a depth of several hundred feet, hut the 
shattering of rocks requires alternate freezings and thawings. 

Rain and frost are agents whose effects are most important in 
regions of moist climate and abundant rainfall, for both are forms 
of the activity of water. Few regions of the earth’s surface are 
altogether rainless, but nearly all of the continents ha^'e great 
desert areas in which atniospheric preci] citation is very light. It 
might seem that in such deserts the work of rock disintegration 
mu.st be practically at a standstill, and that the circulation of ma- 
teria! must be, so slow as to be hardl\' distinguishalile from com- 
pletc stagnation. .Even in tliese regions, however, the rain 
accom]>iishes something, and it is aided by other agencies which in 
moi$t climates play a much more modest role; these are the changes 
of temperature and the wind. 

3. Changes oe Temperature 

In moist and ectuable climates these temperature changes are of 
very subordinate importance as a destructive agent and act chiefly 
in giving an easier passage to percolating waters. In arid regions, 
on the other hand, especially on high mountains and plateaus, 
where there are great differences of temperature between day and 
night, this agency becomes much more important. During the 
day the naked rocks are heated very hot by the full blaze of the 
sun, while at night the rapid radiation which occurs in dry and 





■IG. 41, —Smooth exfoliated surface of granite, Matopos Hills, Rhodesia, South Afric 


Lertam rocks, notably granites, exfoliate under extreme tern- 
perature changes, that is, the surface portions split off in large 
sheets, which ma}' be of almost anr thickness, and are either flat 
or, more commonly, are curved. In this way are produced the 
granite domes which are found in so many parts of the world, 
such as those of the Yosemite, Stone Mountain in Georgia, the 
Matopos Hills in South Africa. The smooth slopes, due to ex- 
foliation, are often deceptively like those worn and smoothed by 
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thin air chills the outer layers of rock very quickly, and they at- 
tempt to contract upon the still heated and e.vqmnded interior. 
Thus, sti esses aie set up which the rock cannot resist, and pieces 
great and small, are siilit off from the surface. In tliis manner 
great talus slopes, like those due to frost action, accumulate at 
the foot of cliffs and on mountain slopes in all drv regions which 
have hot days and cool nights. Even when the rocks are not 
shattered to pieces, their crevices and fi.ssures are slowlv widened. 
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glaciers, a resemblance which is heightened by the large boulders, 
remnants of exfoliated masses, which often occur upon these 
slopes. 

The effect of teni])eratiire changes is frequently the disintegration 
of rocks into minute fragments. This extreme effect is especially 
noteworthy in those igneous rocks which are coarsel}- crystalline. 
A rock of this kind is made up of several diiTereiit minerals, each 


Fig. 42. — Slope of exfoliating granite, Matopos Hills 


of which has its own particular rate of expansion and contraction, 
and thus the particles are subjected to stresses which gradually 
separate them and cause the rock to crumble. In Egypt one 
may pick up granite fragments from the ancient monuments which 
will break into small pieces upon very slight pressui*e. The 
.Egyptian obelisk in New York seemed, when first brought to this 
country, to be perfectly sound and fresh, but the severe wn*nters of 
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our Atlantic seaboard speedily showed how the granite had been 
rifted and weakened by the centuries of exposure to temperature 
changes in the dry climate of Egypt. 

Changes of temperature do work of a purely mechanical kind, 
as docs frost, and are even more entirely superficial than the latter, 
for a thin covering of debris suffices to put an end to their efficiency. 


Fig. .^3- — Exfoliation of glaciated granite, Sierra Nevada, (U, S. G. S.) 


4. Wind 

The wind, of itself and unassisted by hard particles, can ac- 
complish but little in disintegrating firm rocks, but on high moun- 
tain crests and “ knife-edgesf ’ where the wind blows with great 
velocity, it may accomplish considerable destruction. "Vlffien, how- 
ever, the wind is able to drift along quantities of sand and fine 
gravel, it becomes a disintegrating agent of importance. Except 
on sandy coasts, this agency is of .small efficiency in regions of 
ordinary rainfall, because in these the soil is protected and held 
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together by its covering of vegetation. On sandy coasts we may 
often observe the abrading effects of wind-driven sand. In a 
Cape Cod light-house a single heavy gale so ground a plate-glass 
window as to render it opaque and uselcssj and on that same coast 
window-panes are sometimes drilled through l^y the sand flying 
before a storm. Fragments of glass lying on the sand dunes are 
soon worn as thin as a sheet of paper. 


Fig, 44.^ — Exfoliating granite dome, Yosemite Valley, Califtmiia, (U. S. (i, S.) 


In arid regioiis, and more especially in sandy deserts, high 
winds sweep along much sand and fine gravel, which are hurled 
against any obstacle and gradually cut it away. 

Very hard rocks yield but slowly to the cutting action of wind- 
driven sand, and in them the chief effect to be observed is a 
scratching and polishing of the surface. The same principle is 
employed in the sand-blast, which is a jet of sand, driven at a 
high velocity and used to engrave glass, polish granite, and do 
other work of the kind. Soft rocks are quite rapidly abraded and 





Fig. 4$. — Wind-sculptured sandstone, Black Hills* South Dakota. (U. S, G. S.) 

harder layers^ streaks, or patches standing in relief. In this way 
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very fantastic forms of rocks arc frequently shaped out; pot-holes 
and caverns are excavated by tlie eddying drift, and archways 
cut through projecting masses. (See Frontis}>iece and Figs, 
4S’~46.) 

As the wind does not, lift the harrier and heavier particles to 
any great height, the [n'incipal effect; is producer! near the level 
of the ground, and thus masses of rock arc gradually undermined 


Fig, 46.— Honey-combed rock, due partly to wind erosion and partly to the solvent 
action of rain. (U, S, G. S.) 


and fall in ruins, which in their turn are slowly abraded. Isolated 
blocks are sometimes so symmetrically cut away on the under side, 
that they come to rest upon a very small area and form rocking 
stones, which,, in spite of their sixe and weight, may be swung by 
the hand. 

The fine particles abraded from the rocks by drifting sand have 
undergone no chemical change, the process being entirely me- 
chanical 
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The abrading effects of wind-driven sand may be observed in 
any desert region where naked rocks are exposed, as, for example, 
in the arid parts of Utah and Arizona. One very characteristic 
effect of this natural sand-blast is found in the appearance of the 
pebbles shaped by it. Pebbles of very hard and homogeneous, 
materials, such as C|uartz or chalcedony, are highly polished. 
Those made from igneous rocks have the softer minerals worn 
away, leaving the harder to stand in relief in curious patterns, 
while limestone is carved into beautiful arabesques. 

The wind-driven sand, Which does the work of abrading, is 
itself abraded and grows finer, the longer the distance which it trav- 
erses. : ' 

We have seen that the rain is slowly shifting the soil seaward, 
and in dry countries the wind acts in similar fashion. Strong 
winds, blowing steadily in one direction, carry great quantities of 
dust and fine sand with them, sometimes directly into the sea or 
other bodies of water, sometimes into .rivers, or again to moister 
regions, where it comes under the inlluence of the rain. 

Slowly as they work, the wind and lemperature changes prevent 
any complete stagnation in the circulation of material, and thanks 
to them, the processes of disintegratitin of nick and transporta- 
tion of soil are kept up even in the dryest deserts. 


CHAPTER V 


DESTRUCTIVE PROCESSES. RUNNING WATER 

The source of all runniug waterj wlietlier siirface or under- 
ground, is atmospheric precipitation. All springs and streams 
are merely rain (or snow) water collected and fed from reservoirs. 
The I'ain- water which falls upon the land is disposed of in three ways : 
one ])art is returned to the atmosphere by evaporation; another 
part flows over the surface to the nearest watercourse. The re- 
mainder sinks into the soil to a greater or less depth, and though 
some of it is returned to the surface in springs, yet a great part 
must reach the sea l.jy subterranean channels. The surface flow, 
together with the supply from sidings, constitutes the “ 

The relative proportions of tlu^se tliree ]>arts of the total pre- 
cipitation vary much in accordance ■with the climate and with the 
topography of the land surface. In a moist climate with heavy 
rainfall the run-off may.umounl to oiic-Ealf of the precipitation, 
and the loss by evaporation is at a mininuim. In arid regions, 
where evaporation is very great, the run-off is from onediftli to 
zero. Climatic factors being ts|ual, run r>ff increases with the 
steepness of the slopes anti is thus relatively less in large drainage 
basins; than in small ones. 

X. The Ground Water 

Within the soil the movement of water is in different directions 
according to circumstances. In climates of considerable rainfall 
which have no long dry season, the movement is chiefly downward, 
due to gravity, but if there are long periods of drought, evaporation 
from the surface causes an upward movement of the water by cap- 
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illarity; in the tropics this upward movement produces cer- 
tain inipoiTant and characteristic efe 
At a depth below the surface, which varies greatly at different 
times and places, the soil and rocks are saturated with water, 
which is called the graimd water. Near the sea, or other bodies 
of surface water, the ground water may be very Jittie IdcIow the 
surface of the ground, while in arid regions, wvitli irregular topog- 
raphy, it may sink to great depths. In the eastern United States 
the ground water is encountered at depths of i~ioo feet, as is 
shown by the countless wells which are supplied by it. In the 
limestone plateau of eastern Kentucky and Tennessee the ground 
water is from 200-300 feet below the surface and is determined 
by the level at which the surface streams flotv, that is, the drainage 
level of the region. In the plateau of the Colorado River, which 
is dissected by profoundly deep canons, the ground water is, in 
places, nearly 3500 feet from the surface. 

The level of the ground water is thus highly irregular and 
depends upon the amount of ]u‘ccipitation and upon the topo- 
graphical features. As a general rule, the level of ground water is 
at that of the streams and rises toward the divides, but less steeply 
than the surface of the ground. vSirnilarly, tlie ground water level 
fluctuates with tlie rainfall, rising in wet seasons and sinking in dry, 
as ivS shown by the failure of wells after a long <lr<>ught. 

It is usual to regard tlu^ ground water as everywhere penetrating 
to great depths, and, from this pi)int of view, it Is frequently called the 
sea of ground water, l)ut there is reason for much hesitation in 
accepting this belief. In a large number of very deep mining shafts 
in various parts of the world, and in both humid and arid regions, 
water is found only in the upper levels, within 2500 feet or less of 
the surface, while below the mines are dry, even dusty. Such 
shafts frequently encounter water in the lower levels, when they in- 
tersect large fissures, and this indicates that water descends to great 
depths principally through such Assures. The character of the 
rocks themselves has a great effect iqion the de]Hhs to which water 
can penetrate, — some rocks being porous and with such open 
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joints as to permit a free passage of water, while others are almost 
impervious* It is proliabk that the universal presence of 
ground water is characteristic of a, comparatively shallow surface 
belt, below which the water which lias not been again drawn off at 
the surface, at a lower level, or has not ])een used up in hydration 
processes, is concentrated into the larger fissures*’^ (Spurr.) 

Aside from the extremely slow movement of water through the 
mass of porous rock, underground waters follow the larger open-- 
ings, such as joint-cracks, bedding ]>kines, etc. The inclination of 
the stratified rocks, the alternation of porous and impervious beds, 
and the character of the joints and Assures are thus the factors 
which determine the direct ioti of flow, especially in the shell of 
weathering, where the rocks are not saturated with ^vater. In 
soluble rocks, such as limestones, the water may dissolve out its 
own channels. Surface topography has .but a. subordinate effect 
upon the course of underground waters, and it often happens that, 
for considerable distances, the surface and sul)terranean move- 
ments of water are in exactly opposite directions* 

The factors which determine the movement <.)f underground 
waters are of great practical importance in all proldems of drain- 
age and water supply. Serious evils have folk>wcd from carelessly 
taking for granted that the underground flow would be in the same 
direction as that on the surface. 

As the movement of imdergrramd waters is almost always 
excessively slow, their mechanical work is trifling, but chemically 
they bring about important changes. The water, making its way 
downward through the joints and bedding planes of the rocks, 
exerts its solvent and decomposing action upon the walls of these 
creyices, in the manner already described in connection with the 
work of rain. Down to the level of the ground water, or in the shell ^ 
of weathering, percolating waters are the great agent of decom- y 
position and therefore always contain more or less mineral matter 
in solution, the nature and quantity of which depend upon the 
character of the rocks traversed. Below the ground "water level 
. in the shell of cementation, the effects are more reconstructive than ^ 
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destructive, though solution and alteration of minerals continue 
at these lower, levels. 

In passing through limestones in the shell of weathering, per- 
colating waters dissoh'e channels, great and small, through the 
rock« Pipes and sink-holes are dissolved downward from the sur- 
face, and in the mass of the rock great caverns are formed by the 
solvent power of the carbonated waters. Such caverns, as the 


Fig. 47. — Sink-hole in limestouej near Cambria, Wyoming. (U. S. G, S.) 


Mammoth Cave of Kentucky, for example, are often many miles 
in extent and have considex*able rivers flowing in them. Indeed, in 
,, limestone regions the smaller streams generally have a longer or 
shorter underground course. The lower level of the caverns is 
determined by the general drainage level at which the surface 
streams flow. In the shell of cementation the movement of water 
is very much slower and its solvent effects are much lessened. The 
.# beds of rock-salt, which would long ago have been dissolved away 
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by moving waters^ are found at depths which may be reached by 
mining or boring. 

When imderground waters become highly heated through con- 


tact with hot volcanic masses, or by descending to great depths 
along channels which permit a return to higher levels, their soh^ent 
efficiency is greatly increased. Rocks penetrated by such thermal 


FXG. 48. — Canon and lower falls of the Yellowstone River. (U. S, G. SA 
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Fig. 49. Profile of Turtle showing the amount of material removed in the 
Frank rock-slide. (Brock) 


•waters are profoiindh' tiltered in character anti t'omposition. The 
complex minerals of the igneous rocks are (lecom])osed; the 
felspars become o[nu|ue from the formation of kaolin, or are 
altereil to hydrated micas; minerals containing magnesia, and 
iron give rise to tale, eliiorite, ser|>entine, tind the like, while the 
lime compounds are converted into the bit'arbonate and carried 
away in solution. Some of tlu^ minerals are alteretl in ]dace, and 
others are tleposiled In the crevices t)f the rocks, lliermal waters 
also alter minerals by bringing in new material in .solution. In 
the Yellowstone Park the lavas of the great volcanic plateau, which 
has been deeply trenched by the Y'ellowstone River, are pro- 
foundly decomposed anci altered by the hot waters which traverse 
it. 

Except in caverns, underground waters flow too slowly to ac- 
compli.sh direct mechanical erosion, but indirectly they may bring 
about important mechanical changes. Masses of soil or talus, 
lying on steep slopes, saturated by long-continued, heavy rains, 
may have their weight so increased and their friction so reduced, 



Fig, 50^ Rodc-sllde of 1903 at Frank, Alberta, The lake In the foreground due to the damming of a stream by the 

fBrock) 
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as to glide down wani in land slips, which are sometimes disastnjus. 
Of this kind was the great land slip of 1.820 in the White Mountains 
of New Hampshire* 

Rock'slides occur when the rocks forming a slope become satu- 
rated with water, until tlicy can no longer support themselves* 
The movement is much facilitated by underlying be<ls of clay, or 
clay rocks, which l^ecome very slippery when lubricated with 
water. JMouiitain valleys in all parts of the world show plain evi- 
dence of such rock-slides, and often a vast quantity of ruck is thus 
displaced. At Elm, Switzerland, in 1S81, more than 12,000,000 
cul:>ic yards of rock were carried down f<')r a distance of 2000 feet. 
In 3go3 a great rock-slide occurred at Frank in the Canadian prov" 
ince of Alberta, when tlie entire face of Turtle Mountain fell and 
rushed across the valley in a huge avalanche of rock fragments, es- 
timated at 40,000,000 cubic yards. The causes of this great rock- 
slide were several, ])iit an unusual amount of ground water and a 
severe frost following warm weather were the chief agent’s. 

2. Springs 

Springs arc the openings of the grf)und water upon the surface, 
and could not be formed were the land perfectly free from irregu- 
larities, for gravity controls the movement of underground waters, 
and the source of a spring must be higher than its mouth. It 
must he remembered, liowever, that a subterranean stream is often 
confined as in a pipe, and that the pressure to which it is subjected 
may seem to make it flow upward, as when a spring rises from a 
deep fissure, or bursts out upon the top of a hill. But these are 
not real exceptions, and here also the source, which may be many 
miles distant, is above the spring, and it is this which produces 
the necessary pressure. 

The commonest type of spring is formed when a relatively im- 
pervious bed of rock (usually clay in some form) overlaid by 
porous rocks, crops out on a hillside. The ground water saturates 
the lower layers of the porous beds, until its descent is arrested 
by the impervious bed, and then the water follows the upper sur- , 
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fare of the latter. When, ]^y some irregularity of the groundj the 
impervious bed comes to the surface^ the water will issue as a 

spring, or a line of 
springs (see Fig, 
SO- 

A second chiss of 
springs are /those,: 
whicli rise through 
a crack or fissure 
in the rocks. In- 
ti in ed porous beds, 
enclosed between 
more impervious 
ones, allow the 

water to follow them downward, until in its lower course such 
water is under great pressure, or head ” (Fig. 52), On 
reaching a fissure opening upward, the water will rise through it 
and, if under suflicient pressure, will I'ome to the surface. 

An artesian well is an “ artificial fissure-sjiring.'’ It is a boring 
which taps a sheet or stream of tlie ground water, wlien the water 
is under sufficient pressure to rise to the surface ctr even spout 
high above it. 



Fig. si. — A rraiJg<*ment of .strata which causes, hillside 
springs. The lower close-lined bed impervious 


course of consideralde undergrourifi strtMnis, whidi thus reach the 
surface in springs of unusual voliime. Very striking and beau- 
tiful examples are the Giant Spring in the canon of the up|>cr Mis- 
souri, near Great Falls, Montana, and Silver Spring, Florida, 
which is navigable for steamboats. 

Springs, as such, do little in the way of rock disintegration, but 
they accomplish something by undermining the rocks at the point 
where they issue, and thus working their way backward. This 
process is known as the reresshn of spring' heads. The under- 
ground streams, of which springs are the outlets, have often ef- 
fected much in the way of dissolving rock material, and hence 
spring-water always contains dissolved minerals, principally the 
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carbonates and sulphates f)f lime and magnesia, and the t:hl«e 
rides of magnesium and sedium. In mineral s|a'ings the ciuan- 
tity of dissoiveii materials h largiu* and |>erce|>lilde to tlie taste. 

Thermal Springs are thtise wliose temperature is nrualdy higher 
than that of ordinary springs in the same reghnp and they range 
from a lukewarm to a hoiling state. This increase of temperature 
■ may.be caused iireitherof two ways;,, (i); I,n volcanic regions,' water 
coming into contact with uncouled mrisses of lava, is highly heated 
and reaches the surface as a hot spring. Of this Oass are the in- 


Fig, 52. — Diagram of The tieavy hne represents the fissure along 

which the water rises 


numerable thermal springs of the Yellowstone Park. . (2) Wher- 
ever the disposition of the rocks is such that water may descend 
to great depths within the earth and yet return to the surface by 
hydrostatic pressure, thermal springs appear. These conditions 
are found only in regions wdiere the rocks have been much folded 
and fractured. In this case the temperature of the water is raised 
by the interior heat of the earth, which, as w’-e have seen, increases 
with the depth. Springs of this class occur numerously along the 
Appalachian Mountains, and in larger numbers and of higher 
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temperatures they accompany the A^aricms ranges of the Rocky 
Mountains and Sierra Nevada. 

Geysers are thermal. s|:)rings which periodically erupt, throwing 
up hot water in beautiful foinitains, accompaniecl l.)y clouds of 
steam. Though of great scientific interest, geysers are not im- 
portant geological agents, because of their rarity, since they occur 
only in Iceland, the Yellowstone Park, and New Zealand. 




Tig. 53, — An artesian well. (U. S. G. S.) 


The destructive effects of thermal springs are principally ac- 
complished below the surface, and have already been considered 
under the head of underground waters. The high percentages of 
dissolved materials which such springs usually contain are evi- 
dence of the important work of rock disintegration which they 
/.perform. 
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3, Rivers 



Erosion by Rivers. — The destructive work of rivers^ induch 
ing in that term all surface streams, is far less extensive, in the 
aggregate, than that of the atmosplieric agencies, but because the 
work of a stream is concentrated along its narrow course, it 
appears much more striking and impressive. 




Fig. 54, — The '‘Bottomless Fit/' Arizona. The stream disappears in a limestone 
cavern and is not known to reappear. (Photograph by A. E. Hackett, Flagstaff, 

Ariz.) 

A certain amount of solution and decomposition is performed by 
rivers upon the rocks of the bed, and in limestones this may be 
considerable, especially if the water be charged with organic adds 
from a swamp or peat-bog. Limestone regions are characterized , 
by a paucity of surface streams, most of which pass into caverns 
and underground channels which they have made by dissolving.. ; , "" 
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the limestone. Such subterranean streams may or may not 
reappear on the siirface^ according to 

The mechanical work of a river is much greater than the chemi- 
cal, and is dependent upon tlie velocity of tlie current, varying 
directly as the square of that velocity. The velocity of a stream 
is the rather complex resultant of several factors, the chief of which 
is gravity; the steeper the slope of the bed, the swifter the flow of 
the water, A second factor is the volume of water, the velocity 
varying as the cube root of the volume. That is to say, if one of 
two streams which flow down the same slope has eight times as 
miicli water as the other, it will How twice as fast. Other factors 
enter into the result, but slope of bed and volume of water are 
much the most impprh^^^^ 

Pure water can do little to abrade hard rocks, though it can 
wash away sand, gravel, and oilier loose materials. When the 
Colorado River broke into the Salton Sink in southeastern Cali- 
fornia in 1905, it cut a deep trench witir incredible rapi<iity throiigh 
the soft alluvial soils. Streams also take advantage of the joint- 
blocks, into which all rocks are divided, and often loosen and 
carry down sucli blocks. This ])n>('ess is <‘aliecl plitcking and is 
important in the destructive work of glaciers and the sea. As in 
the case of the wind, the stream merely suj.>p!ies the power; the 
implement with whicli the cutting is performed is the san<l, pebbles, 
and other hard particles wliich the water sets in motion. The.se 
abrade the rocks against which they are cast, just as the wind- 
<lriven sand does, Init more effectively, because of the ceaseless 
activity of the stream, and hccause many rocks are rendered 
softer and more yielding by being wet. The cutting materials are 
themselves abraded and worn finer and finer by continuer! friction 
against the rocks and against one another. In the case of complex 
minerals this abrasion is accompanied by more or less chemical 
decomposition, as has been shown experimentally by rotating 
crystals of felspar in a drum half filled with water. When the 
felspar was ground down to mud, the water showed the presence 
of potash and soda in solution. Angular blocks are speedily worn 
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into cobblestones and these into |>el>hles of s|>Ii<Toidal or flat, 
discoidal form. A jinuass seh.Htirm fjiocs on, by which the 
softer maleriiiis are ,i*:n)unil intt> mud, ihe harder remaining as 
pebbles and sand. 

An example of ex<*eeding]y rapid wear of hard rock by running 
water, under favourable <onditif>ris, is given by the Sill tunnel in 
Austria, which is pnnide-'d with a pavement of granite slalrs more 
than a yard thick, (xn^at fpianlities of delu'is are swept over this 
pavement at a high vehx'ity and so rapid is the abrasion, that it 
was founrl necessary io renew the granite slabs after a single \ear. 

A river whitdi is sulyiect tc? sudden flui'tiiations of volume, being 
now a rushing torrent and again almost dry, is a much more 
efficient agent, botl) of er«»sion and of transpcmlation, than is one 
which carries nearly the same quantity oi water at all times, or 
which fluctuates only slowly. 

The velocity of a stream riiffers nuu h in its ^'arious |xuis, climin- 
ishing, as a rule, from tlie head waters to the mouth. In very 
many cases there are also local variations tif s}>eed, falls, rapids, 
and eddies alternating with <]iiiet reaches. In eddies and at the 
foot of cascades the water acquires a rotary motion, wdiich is 
transmitted to sttuies lying on the l>attom. In a rocky bed these 
revolving stones excavate cyiindric'al holes, often of remarkable 
regularity, called paf'^Iiales^ or giant kettles. The diameter and 
depth of pot-holes are determined by the volume anri velocity 
of the water and by the length of time during which the eddy or 
fall remaiiivS at the same point. 

Since the vckxdty of a stream is so largely dependent upon 
gravity, it is obvious that the deeper a stream cuts its channel, the 
less steep does its slope become, and that so long as the region is 
neither upheaved nor depressed, the river performs its vertical 
erosion at a constantly decreasing rate. Unless, therefore, the 
work is done under very exceptional conditions, as in the case of 
the Niagara, we cannot reason from the present rate of excavation 
to the length of time involved in cutting out a given gorge. 

Unless the region through which a river flows is upheaved, and 
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. So* - uruiermmed pot-hole. Little Falls. N.Y. The arrow points to the upper 
opening and the partly concealed figure stands in the lower part. (Photograph 
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thus, by increasing the fall, renewed power is given to the stream, 
a stage must sooner or later be reached when the vertical cutting 
of the stream must cease. Tliis stage is called the hase-Inrl of 
erosion^ or regimen of the river, and it approximates a parabolic 
curve, rising toward the head of the stream. lillevation of the 
country will start the work afresh, until a new basedevel is reached. 



Fig. 56, — > Pot-hole in stream. Mill Creek, Oklahoma. (U. S. G. S.) 


while depression will have a contrary effect and may put a stop to 
vertical erosion where it was in active progress before. TOien 
the base-level is reached, the river cuts laterally, undermining its 
banks (see Fig. 55) and working like a horizontal tool upon the 
country-side. 

As valleys are also excavated by other agents, it is important.to 
note the characteristic features of river-formed valleys. Unas- 
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sisted by other agencies, a river cuts a narrow, steep-sided trench 
or gorge, the possible depth of which depends upon the height 
above base-level at which the river began its work, disregarding 
any subsequent elevation of the land. As soon as the gorge begins 
to form, its sides are attacked l;)y the atmospheric destructive forces 
and a process of widening is begun; but this is very slow and to 
widen out the gorge or canon into a broad valley, with gentle 
slopes, recpiires a very long period of time, determined by the 
activity of the climate and the resistant power of the j'ocks. Even 
in the gorge stage, a river valley tends to have a V-$haped cross- 
section, because the upper part of the gorge, having been longest 
exposed to weathering, has suffered the greatest loss, 

A river valley is rarely straight for any considerable distance, 
but takes a sinuous course, with rocky spurs projecting alternately 
from opp>osite sides of the stream, and these spurs have a continu- 
ous (or a terraced) slope from top to bottom. This is true even of 
swift streams flowing through hard rocks, and the tendency is 
much exaggerated when the velocity of the current is diminished 
and the river-bed is in soft materials, as in the lower Mississippi. 
Under such conditions the stream meanders to an extraordinary 
degree and often, by cutting through the narrow neck of a meander, 
abandons part of its channel and leaves an ox-bow lake to 
mark its former course. 

Still another feature of river valleys is the accordant relation be- 
tween the main valley and its tributaries. Normally, the tribu- 
taries lower their beds at the same rate as the main stream and 
enter the latter on the same level Exceptions to this rule do 
occur, as in the case of the tributaries below a great cataract in 
the trunk river, which enter high up on the gorge walls, but such 
exceptions admit of a ready explanation. 

When a river enters the sea or a lake, its velocity is checked 
and it is no longer able to excavate a channel, so that the con- 
tinuation of the river channel across the sea-floor, like that of 
the Hudson (see p. 34), is a proof that the lower course of the 
stream has been submerged under the sea. There are, however, 
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two known instances of the excavation of a iilxeam channel in 
the bed of a lake, the upper Rhone in Lake Geneva and the 
upper Rhine in Lake Constance, These streams are both gla- 
cial streams of very cold and dense water and charged with great 
loads of coarse sediments. Discharging into bodies of warmer 
and lighter water, the river currents are able to maintain them- 
selves for some distance from shore and thus to cut trenches. 
Other examples will, no doubt, be found under similar condi- 
tions, but must be very uncommon. 



Fig. 57. — A meandering stream ; ox-bow lakes at the right: Alashuk River, Alaska 

(U. S. G. S.} 


Having learned the general character of river erosion, we may 
illustrate it with, a few concrete examples. 

I. A particularly interesting case is that of the little river 
Simeto in Sicily, since the history of its gorge is so well known. 
In 1603 ^ great lava flood from ^tna was poured out across the 
course of the stream, and, when cold, solidified into a barrier of 
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the hardest rork. When Sir Charles Lycll visited 
1828, he found that in a little nuirc than two ceutiirie 


Stoddard, Glens Falls, N.Y.) 
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had cut a gorge through this barrier of 40 to 50 feet deep, and 
varying in width from 50 to several hundred feet. The lava which 
had thus been trenched is not porous or slaggy, but homogeneous, 
dense, and very hard. 

2. In the northern jxxrts of the United States the great ice- 
sheet, which in late geological times covered the country, brought 
down with it vast quantities of drift, that iilled up the channels of 
many streams and quite revolutionized the drainage of certain dis- 

I ' ‘ 


Fig. 59. — Old, higli-level channel of the Niagara River, below the present falls. 

, (U,S. G,S.) 

tricts. Since that time the displaced streams have cut out new 
channels for themselves, often through hard rocks, and many now 
flow in quite deep, gorges, with nearly vertical walls, Au Sable 
Chasm, New York, is an example of these geologically modem 
river gorges, the atmosphere not having had time to widen it. 

3. The Niagara is an exceptional case, the gorge being cut, 
not only by the direct abrasion of the running water, but also by 
.the action of the spray and frost at the falls. In the ravine the'.. 
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Upper rock is a hard, massive limestone, which is underlaid by a 
soft clay shale. The latter is continually disintegrated by the 
spray of the cataract and by the severe winter frosts undermining 
the limestone, which, when no longer able to bear its own 
weight, breaks off in tabular masses. Thus the falls are steadily 
receding, leaving behind them a gorge, which is deepened by the 
river and especially by the plunging masses of water at the foot of 
the cataract. 

4. One of the most remarkable known examples of river ero- 
sion is seen in the canons of the Colorado. The Grand Gahoii is 
over 200 miles long and from 4000 to 6500 feet deep, with pre- 
cipitous walls. It is extremely probable that the river has been 
rendered able to cut to such profound depths by the gradual 
uplifting of the whole region, which is now a lofty plateau, in 
places more than 8000 feet above the sea. The erosive power of 
the river has thus been continually renewed and a more or less 
uniform rate of excavation secured. 

5. Finally, an extremely curious example of river erosion is 
the gorge of the Zambesi River in South Africa, at and below the 
Victoria Falls. Above the falls the river is more than a mile 
wade, and at the cataract it plunges into a narrow chasm which 
is transverse to the course of the river. From the chasm the only 
outlet is by a narrow gorge of only 50-60 yards in width, and 
below this gateway the gorge continues for many miles in a series 
of sharp zigzags, which are highly exceptional in such a hard 
rock as the basaltic lava which the river has trenched b> a depth 
of 400 feet. This remarkable result is due to the fact that the 
excavating work of the river has been controlled by the lines of 
joints in the rock. 

Transportation by Rivers. — The main importance of rivers as 
geological agents is not so much their work of erosion, but lies 
rather in what they accomplish as carriers of the results of their 
own destructive activity and that of the atmosphere, comprising 
both the materials which are mechanically swept along in sus- 
pension and those which are carried in solution. 



TRANSPORTATION BY RIVERS I45 

Materials ntecJiamcaUy Carried, —The transporting power of 
running water is dependent upon the velocity of the current, and 
both mathematical and experimental treatment of the problem 
brings out the surprising result that the transporting power varies 
directly as the sixth power of the velocity. If the rapidity of a 
stream be doubled, it can carry 64 times as much as before. The 
destructiveness of sudden and violent floods is thus explained. In 
the terrible flood which overwhelmed Johnstown, Pennsylvania, in 
1889, great iocomotives and massive iron bridges were swept off, 
it is hardly an exaggeration to say, like straws, and huge boulders 
carried along like pebbles. The formula as to the relation of veloc- 
ity to transporting power refers more particularly to the coarser 
materials which are pushed along the bottom of the stream. No 
relation has yet been determined for very fine particles of silt and 
clay, some of which remain suspended indefinitely even in still 
water. Transporting power also increases as the temperature of 
the water decreases. 

It obviously follows from the relation obtaining between velocity 
and transporting power, that a slight increase in the rapidity of a 
stream will largely augment the load which it carries, provided the 
stream obtains as much material as it can transport, while a 
slight reduction of velocity will cause the deposition of a large part 
of that load. The buoyancy of water adds, in an important degree, 
to its ability to sweep along sediment, because when any substance 
is immersed in water, it i<jses weight to an amount equal to the 
weight of an equal bulk of water. The specific gravity of most 
rocks is from two and one-half to three, so that when immersed 
they lose from one-third to two-flfths of their weight in air. The 
shape of the fragments is likewise a factor in determining the 
velocity requisite to move them; the larger the surface of the 
fragment in proportion to its weight, the more easily it is carried 
in suspension. Thus flat grains or scales are carried farther than 
round ones; w^hile, on the other hand, rounded fragments are more 
easily rolled along the bottom, when too heavy for the current 
to lift. 
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Upper rock is a hard, massive limestone, which is underlaid by a 
soft clay shale. The latter is continually disintegrated by the 
spray of the cataract and by the severe winter frosts undermining 
the limestone, which, when no longer able to bear its own 
weight, breaks off in tabular masses. Thus the falls are steadily 
receding, leaving behind them a gorge, which is deepened by the 
river and especially by the plunging masses of water at the foot of 
the cataract. 

4. One of the most remarkable known examples of river ero- 
sion is seen in the canons of the Colorado. The Grand Canon is 
over 200 miles long and from 4000 to 6500 feet deep, with pre- 
cipitous walls. It is extremely probable that the river has been 
rendered able to cut to such profound depths by the gradual 
uplifting of the whole region, which is now a lofty plateau, in 
places more than 8000 feet above the sea. The erosive power of 
the river has thus been continually renewed and a more or less 
uniform rate of excavation secured. 

5. Finally, an extremely curious example of river erosion is 
the gorge of the Zambesi River in South Africa, at and below the 
Victoria Falls. Above the falls the river is more than a mile 
wide, and at the cataract it plunges into a narrow chasm which 
is transverse to the course of the river. From the chasm the only 
outlet is by a narrow gorge of only 50-60 yards in width, and 
below this gateway the gorge continues for many miles in a series 
of , sharp zigzags, which are highly exceptional in such a hard 
rock as the basaltic lava which the river has trenched to a depth 
of 400 feet. This remarkable result is due to the fact that the 
excavating work of the river has been controlled by the lines of 
joints in the rock. 

Transportation by Rivers, — The main importance of rivers as 
geological agents is not so much their work of erosion, but lies 
rather in what they accomplish as carriers of the results of their 
own destructive activity and that of the atmosphere, comprising 
both the materials which are mechanically swept along in sus- 
pension and those which are carried in solution. 


TRANSPORTATION BY RIVERS 


HS 

Materials mechanically Carried, — The transporting power of 
running water is dependent upon the velocity of the current, and 
both mathematical and experimental treatment of the problem 
brings out the surprising result that the transporting power varies 
directly as the sixth power of the velocity. If the rapidity of a 
stream be doubled, it can carry 64 times as much as before. The 
destructiveness of sudden and violent Hoods is thus explained. In 
the terrible flood which overwhelmed Johnstown, Pennsylvania, in 
1889, great locomotives and massive iron bridges were swept off, 
it is hardly an exaggeration to say, like straws, and huge ])aulders 
carried along like pebbles. The formula as to the relation of veloc- 
ity to transporting power refers more particularly to the coarser 
materials which are pushed along the bottom of the stream. No 
relation has yet been determined for very fine particles of silt and 
clay, some of which remain suspended indefinitely even in still 
water. Transporting power also increases as the temperature of 
the water decreases. 

It obviously follows from the relation obtaining between velocity 
and transporting power, that a slight increase in the rapidity of a 
stream will largely augment the load which it carries, provided the 
stream obtains as much material as it can transport, while a 
slight reduction of velocity will cause the deposition of a large part 
of that load. The buoyancy of water adds, in an important degree, 
to its ability to sweej) along sediment, because when any substance 
is immersed in water, it h)ses weight to an amount equal to the 
weight of an equal l^ulk of water. The specific gravity of most 
rocks is from two and one-half to three, so that when immersed 
they lose from one-third to two-fifths of their weight in air. The 
shape of the fragments is likewise a factor in determining the 
velocity requisite to move them; the larger the surface of the 
fragment in proportion to its weight, the more easily it is carried 
in suspension. Thus flat grains or scales are carried farther than 
round ones; while, on the other hand, rounded fragments are more 
easily rolled along the bottom, when too heavy for the current 
to lift. 
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The greater part of the debris or sediment which a stream car- 
ries is furnished to it by the destructive activity of the atmosphere; 
the rains wash in the finer materials, while frost and land-slips bring 
in the larger masses which are carried down by mountain torrents. 
To this material the river adds that which is derived from its own 
work in the cutting away of its banks and bed. 

Materials in Solution. — In addition to wdiat the river carries 
down mechanically in suspension or sweeps along the bottom, 
there is a third class of material; ■ namely, that which is dissolved 
ill the waters of the stream. Dissolved matters are always present 
in greater or less quantity, and are the same in kind as those 
which we have already found to occur in springwvaters, whence 
they are, for the most part, derived by the rivers. River- water 
is, however, usually more dilute than that of springs, because of 
the rain which falls into it, or pours in from the banks. In very 
dry regions, where this additionar rain supply is at a minimum, 
and where the streams are concentrated by continual evapora-, 
tion, they are frequently undrinkable, on account of the quantity 
of matter in solution which they contain. Examples of this 
are the salt and so-called alkali (a very comprehensive term) 
streams of the arid West, which contain a great variety of dis- 
solved minerals. 

The quantity of material which rivers are continually sweeping 
into the sea is enormously great. Every year the IMississippi car- 
ries into the Gulf of Mexico nearly 7,500,000,000 cubic feet of 
solid sediment, either in suspension or pushed along the bottom, 
an amount sufficient to cover one square mile to a depth of 2 68 
feet. In addition to this is the quantity brought down in solution, 
which is estimated at 2,850,000,000 cubic feet annually. 

Different rivers vary much in the proportion of suspended and 
dissolved materials which they carry and discharge into the sea; a 
roughly approximate average makes the amount of material re- 
moved equal to about 11,400 cubic feet (600 tons) of annual waste 
|or every square mile of the land surface of the globe, that is, under 
conditions of slope, temperature, rainfall, etc. How great 
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a difference in the result a change in these factors may produce^ 
will be seen from a comparison of the Mississippi and the Ganges. 
The amount of suspended matter discharged by the former repre- 
sents a lowering of the surface of the entire drainage area at the 
rate of one foot in 4920 years, while in the case of the Ganges it 
is one foot in 18S0 years, or more than twice as fast. The amount 
of material carried h>y the Amazon has not been determined, but 
there can be little doubt that it is far greater than that discharged 
by the Mississipin. The area drained by the Amazon is less than 
twice as large as the drainage basin of the Mississipf>i, and yet it 
brings to the sea hve times as much water as does the great river 
of North America. 
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CHAPTER VI 


DESTRUCTIVE PROCESSES. ~ SNOW AND ICE, THE SEA, 
LAKES, ANIMALS AND PLANTS 


Avalanches are great masses of snow which descend from the 
mountain tops at a very high velocity, and are frequent in all high 
mountains with heavy snowfall, and occur, though less commonly, 


Fig, 6o.— S ummit of Mt. Blanc> Switzerland, showing the great accumulations of 

snow 


on mountains of medium height. Winter avalanches of dry and 
;|owdery snow do comparatively little destructive work, but in 
thawing weather^ when the snow is heavily charged with water, 
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great masses of earth and rock are brought down in the avalanche, 
which sweeps everything before it. Though acting only occa- 
sionally, avalanches are efficient agents in the removal of material 
from higher to lower levels. 

On a sma.ll scale, snow-slides remove unprotected soil from 
slopes. In the bad lands (see p. 109), where the rain wash 
produces comparatively little effect upon the debris^covered 
buttes, sliding masses of snow strip oft' the covering of soil and 
expose fresh surfaces of rock to the destructive action of the water. 

Glaciers are much the most important form of ice as a 
geological agent. A glacier is a stream of ice which flow^s as if 
it were a very tough and viscous liuid, and does not merely glide 
down a slope, as snow slides from the roof of a house. Glaciers 
play a very important part in keeping up the circulation of the 
atmospheric waters, and produce geological results of an extremely 
characteristic kind. Their contribution to the sum total of rock 
destruction and reconstruction is^ it is true, relatively small, but it 
often becomes important to trace the former extension of glaciers, 
which, in its turn, has a wide bearing upon some of the most far- 
reaching of cosmical problems. 

As we ascend into the atmosphere from any point on the earth’s 
surface, we find that it becomes continually colder with increasing 
height. In this ascent a level is eventually reached where the 
temperature of the air never rises for any length of time above 
the freezing-point, and above this level no rain, but only snow, falls. 
This level is called the limit of perpetual snow, or simply the snow- 
line. While the height of the snow-line above the sea-level is, like 
climate in general, much affected by local factors, yet, speaking 
broadly, its elevation is determined by latitude. In the tropics the 
snow-line is 15,000 or 16,000 feet above the sea, — descending more 
and more, as we go toward the poles, and coming down nearly to 
sea-level within the polar circles, but does not actually reach that 
level at any known point in the northern hemisphere. 

Were there no means of bringing the snow which accumulatfs 
above the snow-line to some place where it may melt, it would 
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FlQl, 6i. — Two valley glaciers descending Mt. Blanc, showing the terminal moraine 
at the foot of each^ On account of the foreshortening the glaciers appear to be 
unduly steep 


In places where the excess of snow cannot be disposed of in either 
- of these ways, glaciers are formed and thus keep up the circula- 
X tion of the waters^ by carrying the surplus snow down to lower 
levels at which it can melt, or by entering the sea and in the 


evidently gather indefinitely, and at last nearly all the moisture of 
the earth would be thus locked up. As a matterpf fact, there is 
no such indefiiiite accumulation In very dry regions the excess of 
snow is disposed of by direct evaporation, and on high mountains 
avalanches carry the snow down to lower levels, where it melts. 


GLACIERS 


iSi 



shape of ice].icrgs (which are fragments of glaciers) being floated 
to warmer latitudes. 

Though even at the ]')rescnt time tliere are in various parts of 
the world great tracts of glacier ice, they cannot be called com- 
mon and arc found only wliere certain conditions concur. The 
nature of these conditions will be best understood by examining 
the process of glacier formation. 

Snow is made up of minute, licxagonal cry.stals of ice, which 
are intimately mixed with air and thus separated from one another. 
Though the individual crystals are transparent, snow is white and 
opac[ue, as always results when a transparent l^ody is intimately 
mixed with a gas, as in the foam on water, or in powdered glass. 
Ice is composed of the same kind of crystals as is snow, but they 
are in contact with ojie another, not separated by air. To con- 
vert snow into ice, thererore, it is only necessary to expel the air 
and bring the crystals into contact, for which pressure alone is 
not ordinarily sufficient. 

The first step in the transformation is the partial melting of the 
upper layers of snow,, f^vr which a change of temperature is neces- 
sary, though the change need not warm the air, but may be clue 
to the direct rays of the sun. Glaciers are rare in the tropics 
because of the constancy of the temperature, and the vSmall area 
which extends above the snow-line, which seldom permits the for- 
mation of extensive snow-flelds. Sometimes, however, the condi- 
tions of glacier formation are fulfilled even in the equatorial zone; 
for example, there is a glacier on one of the peaks of Ecuador. 

When the surface layers of snow have been partially melted, the 
water thus formed trickles down into the snow beneath, expelling 
much of the air. This underlying snow’’ has still a temperature 
much below the freezing-point, and the percolating water is soon 
refrozen into little spherules of ice. This substance, midway be- 
tween snow and ice, is called neve^ and may be seen every winter 
wherever the snow lies for any length of time. The hardened 

crust which forms by the refreezing of partly melted snow is 
ndvd. The air, which is now in the form of discrete bubbles, i|S 
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largely expelled by the increasing pressure of the overlying snow 
masses, which are continually added to by renewed falls, and the 
neve is thus converted into ice. 

The structure of glacial ice is characteristically different from 
that produced by the freezing of a body of water. The latter is 
made up of parallel crystals with optical axes perpendicular to 
the surface of the water. Glacial ice, on the other hand, consists 
of crystalline grains, which increase in size toward the lower end 
of the glacier, with optical axes disposed irregularly. The 
banded structure of the glacier, often so conspicuous, is a kind 
of stratitication and is derived from the successive snow layers of 
the neve. t 

The temperature of the interior of a glacier corresponds at every 
depth to the melting-point of the ice for the pressure at that depth. 
The melting-point of ice is lowered by pressure, and therefore pres- 
sure changes within and at the bottom of the glacier cause melting 
and refreezing without corresponding temperature changes . T his 
fact that glacial ice is so nearly at the melting-point indicates 
that- the maximum thickness of the glacier cannot exceed 1600 
feet, which in truth appears to be the thickness of the Antarctic 
ice-cap. A greater thickness would cause melting by pressure of 
the bottom parts. 

It follows from their mode of formation that glaciers can be 
formed only where the snow accumulates to great thicknesses, and 
cannot be disposed of by either melting or evaporation. Hence, 
glaciers are rare or absent in dry regions, as in most of the Rocky 
Mountains within the limits of the United States. It also follows 
that the ground upon which the snow lies must be so shaped as 
to allow great masses of it to gather. 

A glacier moves in much the same way as a river, but at a very 
much slower rate. The middle portion moves faster than the sides, 
because the latter are retarded by the friction of the banks, and, for 
the same reason, the top moves faster than the bottom. While 
behaving like a plastic substance under pressure, ice yields readily 
to tension, and even a slight change in the slope of the bed will 
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cause a great transverse crack, or crevasse, to form, wliich, like an 
eddy in a stream, seems to be stationary, l^ecause always formed 
again at the same spot. Other systems of cracks, the marginal 




Fig. 62. — a hanging glacier, Cascade Pass, Wash. Note the terminal m'oreilne and 
the crevasses. (U. S. G. S.) 
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crevasses, are formed along the sides of the glacier, and are due 
to the more swiftly moving middle pulling away from the retarded 



sides. 

The rate of glacier movement depends upon the snow supply, 
upon the slope of the ground, and the temperature of the season. 
The comparatively small glaciers of the Alps move at rates varying 
from two to fifty inches per day in summer and at about half that 
rate in winter, while the vastly larger glaciers of the polar lands 


63, Moraine-covered surface of the Malaspina Glacier, Alaska, (U, S, G, iS.) 

have a correspondingly swifter flow* The great stream of ice 
which enters Glacier Bay in Alaska has a summer velocity of 
seventy feet per day in the middle. 

Southeastern Alaska is a region where glaciers are developed on 
a very extensive scale. The Malaspina is an immense ice-sheet, 
having an area of 1500 square miles, which is formed at the foot of 
the St Elias Alps by the confluence of several great glaciers from 
the neighbouring mountains. Parts of this vast accumulation of 



ice are stagnant and deeply covered with rock debris, upon, which 
there is a luxuriant growth of vegetation, with not less than looo 
feet of ice beneath it. 

In Greenland and the Antarctic continent the accumulations of 
ice are on a scale not elsewhere found, and these regions present 
conditions of great geological interest. Greenland, except for a 
narrow strip along the coasts, is buried beneath a vast ice-sheet, 
from which great glaciers descend to the sea. In the interior only 


Fig. 64. — Nunatak rising through the ice-cap, Greenland, (Photograph by 

Libhey) 


a few isolated mountain peaks, or niimtah^ rise through the ice 
mantle; except for these, nothing is visible but illimitable fields 
of snow. The snowfall is not very great; but so little of it is 
disposed of by evaporation or melting, that there is a large excess 
which goes to the growth of the ice-sheet, and keeps up the supply 
for the innumerable glaciers which flow to the sea. 

The Antarctic ice-cap is estimated to be nearly seven times as 
large as that of Greenland. 

The source of a glacier is always above the snow-line, but the 
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Ice-Stream itself may descend far below that line, slowly melting 
and diminishing in thickness as it flows. The lower end is at the 
point where the rate of melting and the rate of How balance, so 
that changes in the temperature of the seasons or in the amount 
of the snow supply will cause the glacier to advance or retreat, as 
one or other of these factors prevails. Thus the Alaskan glaciers 
have retreated notably within the last century, while some of the 
Norwegian ones are advancing. From the lower end of a glacier 


Fig. 65, — Edge of the Greenland icc-sbeet, with a glacier descending from it. 
The dark line is a medial moraine. (Photograpli by Libbey) 

there always issues a stream of water, which Hows under the ice, 
often in great volume, and even in winter, for the thick ice is a 
non-conductor and protects the stream from the intense cold of the 
air. 

There are various forms of moving bodies of land ice correspond- 
ing to -bodies .of water. We have (r) Alpine glaciers, of which 
those in the Alps are types, and are relatively small streams occu- 
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pying narrow mountain valleys, each connected with a particular 
basin or gathering ground of snow. (2) Hanging glaticrs^ which 
descend l.)Ut little below the snow-line and are small glaciers occupy-' 
ing steep clefts near tlie mountain tops. In some cases they are 
not connected with snow’^-heids, but are fed by avalanches. The 
glaciers of the northern Rocky Mountains and the Sierra Nevada 
are mostly of this class. (3) /cc? fields^ excmpiihcd in Scandh 
nayia; these are extensive and continuous areas of thick ice, 



Fig, 66. — The Columbia Glacier, Alaska. (U. S. G. S.) 

with gently curved surface, from the margins of which numerous, 
but mostly small, glaciers descend through rocky gorges. (4) Pied- 
mont glaciers, like the Malaspina of Alaska. These are great ac- 
cumulations or lakes of ice which form at the foot of mountains, by 
the coalescence of numerous glaciers of the Alpine, or valley, type. 
(S) Continental glaciers are those which cover enormous areas of 
land, such as the ice-sheet under which nearly all of Greenland is 
buried and that which covers the Antarctic land. This is a type 
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of especial interest and 
light which it throws u 
ice-sheets which 
Europe. 

Glacier Erosion 
the former extension of 
and their former 


> the geologist, because of the 
tnysterioiis operations of the 
once covered large portions of North America and 

is highly characteristic, and enables us to detect 
- ice-streams which have greatly shrunken 
presence in regions whence they have lonir van- 
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Fig, 68. — Steeply inclined strata, with edges roughened by glacial pluching, overlaid 
by glacial drift, Iron Mt., Mich. (U. S. G. S.) 

of the varying depths to which the effects of weathering penetrate 
(see p. loi). Bare rocks are erocied by a double process: (i) The 
joint-blocks are torn away (phcking) by the advancing ice, an 
operation which is much facilitated by the continual liquefaction 
and regeiation of the ice at the bottom of the glacier, owing to 
changes of pressure* As has been already remarked, the tempera- ' 
ture of the ice. within and at the bottom of the glacier is near the ' 
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erode actively at one part of its course, and little or not at all at 
another. It is not surprising, therefore, that advancing glaciers 
have been observed to override loose masses of gravel without 
moving them. 

When acting effectively, newly formed glaciers remove the soil, 
talus, and other loose materials from the surface, which thus, in the 
first instance, is rendered more irregular than before, because 
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melting-point for the pressure. Thus, slight changes of pressure, 
due to the motion of the glacier and inequalities of the bed, cause 
the ice now to melt and again to solidify, and in this manner 
the joint-blocks of the bed-rock are loosened. (2) The bottom of 
the glacier is a mass of, ice mingled with rocks, pebbles, boulders, 
sand, and debris of ail sizes, and by their means the bed-rock is 
worn down, smoothed, polished, and scored with parallel marks, 


Fig. 69. — Glacial strite on limestone, overlaid by drift ; Pillar Point, Lake 
Ontario. (U. S. G. S.)' 


in a fashion which forms the unmistakable autograph of the glacier. 
The rock fragments, firmly held by the immense weight of the ice, 
are slowly pushed over the rocky bed and cut grooves correspond- 
ing to the size of the fragments, from hair-like scratches to deep 
troughs. The scorings are, of course, in the direction of the move- 
ment and keep parallel often for considerable distances. 

The smaller particles act as a polishing powder and smooth the 
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bed, and, if the bed-rock is sufficiently hard, it receives a high 
polish. Hummocks of rock, over which the ice has flowed, are 
worn and- rounded into the form called roches moutonnees/^ 
with the upstream side gently sloping and polished, but- with the 
downstream side abrupt and often rough. 


V _ 


Fig. 70. — Ancient glacial strias (Permian); Riverton, on the Vaal River, South 
Africa. (R.B. Young) 


As in the case of the river, the abrading material is itself abraded 
in its journey, and much of it is ground to the rock powder which 
heavily loads the stream flowing from the foot of the glacier. The 
pebbles and boulders are scratched with parallel or intersecting 
lines, smoothed and polished, but, as they are not rolled over and 
over like river pebbles, they are not spheroidal in shape, but are 
more or less angular and sometimes facetted, with smooth faces 
which meet at a distinct angle. This peculiar shape is due to the 

M 
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shifting or turning of the pebble in the ice, so that, after one side 
is worn flat, another is similarly worn, and this may be several 
times repeated. 

The amount of debris produced and carried by a glacier is often 
very great. In summer the glaciers of the Justedal in Norway 
together bring down nearly 2,400,000 cubic yards of material daily. 

If glaciers are powerful eroding agents and not mci'ely a means 
of rounding and polishing the rocks, we should expect to And that 


Fig. 71. — Glacial grooves on sandstone cliff; Delaware Water Gap, Pa. 

glaciated regions display topographical features not to be found 
elsewhere, and this is actually the case. Not only are rounded and 
flowing outlines and forms produced, in marked contrast to the 
angular shapes due to ordinary weathering, but the 
character of glacially excavated valleys is extremely significant, 
when compared with that of river valleys (see p. 140), 

(i) In cross-section a glacial valley is U-shaped, with broad 
bottom and steep or vertical sides. If the upper portion of the 
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' valley was not occupied by the ice, the slopes may be gradual 

down to the former level of the ice, where they become abrupt* 
(2) Glacial valleys are often straight and open for long distances; 
they may have spurs alternating from the opposite sides, but 
these spurs are truncated by the ice, and, if the action persisted 
sufficiently long, the spurs will have been entirely removed* (3) 
The tributary valleys do not enter the main valley at grade, as 



Fig. 72. — U-shaped glacial valley; Kern Canon, Cal, . (U, S* G. S.) 

they normally do in the case of rivers, but enter at the sides of the 
main valley much above its bottom and hence are called hanging 
valleys. The explanation of this peculiar arrangement is that the 
smaller, tributary glaciers could excavate their beds much less 
rapidly than the trunk ice-stream. Although there is no uni- 
form height at wffiich these side valleys enter the main trough, 
in general it is true that, the smaller the tributary valley, the 
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higher its mouth lies above the main valley bottom,’’ (Tarr.) 
Hanging valleys may be formed in other ways tliaii hy glaciers, 
but while they are common in glaciated regions, elsewhere 
they arc only occasional (4) Glaciers may erode their valle}^s 
below sea-ievel, because they exclude the sea water, as ri\’ers 
cannot do. 

Glaciers flowing from high mountains head usually in large 
amphitheatres, or cirques,” caused by the lateral plucking of the 
rocky walls by the fields of ice and snow. Each cirque slowly re- 
treats upward, thus often reducing the divides between them to 
extremely sharp “knife-edges,” as is conspicuously displayed in 
the Sierra Nevada of California. 

The part of a glacier which descends below the snow-line is in 
summer exposed to continual melting and may be more or less 
completely covered with running water. Surface streams flow 
in channels, which they melt for themselves, until they meet with 
a crevasse, down which they pour in cataracts. As crevasses are 
continually formed at the same spot (see p. 153), such a cataract 
may remain stationary for a long period and wear out a cylindri- 
cal pot-hole, exactly as is done by a cascade in a stream. 

Glacier Transportation. — The trans]:)orting power of a glacier 
is not determined by its velocity, at least so far as the material 
carried on its surface is concerned. This is because the rocks 
may be regarded as floating bodies with reference to the ice, and 
thus a rock weighing many tons is carried with as mucli ease as a 
grain of sand. The masses of material transported by a glacier 
are known as moraines. The moraines which are carried on the 
top of the glacier are derived from the cliffs and peaks which 
overhang the ice, and the action of frost and land-slips is con- 
tinually showering down earth, sand, and rocks of all sizes, from 
small blocks up to masses the size of houses. This material is 
heaped up along the sides of the glacier in disorderly array, and 
here forms the lateral moraines. When a glacier is composed of 
branch streams, it will have a c'orresponding number of medial 
moraines (see Fig. 65), in the middle of the glacier. When two 
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branches unite, their coalesced lateral moraines form a single 
iiiedial moraine. 

The quantity of material thus carried on the top of the glacier 
depends upon the amount of rock surface which extends above 
the level of the ice and is subject to the action of the ice and 
the atmosphere. In the Alps, where the glaciers dow in deep 


Front of Bowdoin Glacier, Greenland. The dark bands are made Uy 
englacial drift. (Photograph by Libbey) 

glaciers have their lower reaches so covered with rubbish, that 
the ice is visible only in the crevasses. In Greenland, on the 
contrary, the inland ice-cap has very little material on its surface, 
because only scattered nimataks rise above it. 

The bottom part of the glacier is a confused mass of ice, stones, 
etc., and this debris is the ground moraine^ which is to be regarded, 
not as so much material pushed along between the ice and the rocky 
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bed, but as an integral part of the glacier. At the foot or end of the 
glacier is the terminal moraine (see Fig. 62), where all the materials 
carried are dumped in a promiscuous heap, except so much as is 
swept away by the stream of water. Besides the moraines proper, 
there is a certain amount of englacial drifts carried in the body of 
the ice. This is derived from debris that comes from the surface, 
but does not work its way entirely to the bottom, as well as from 
that wdiich gathers upon the surface of the snow or n^ve and is 
covered up by subsequent snowfalls. The materials carried by 
a glacier are as characteristic as the marks left upon the rocks 
over which the ice has flowed. Aside from the substances swept 
along by the subglacial stream, the various fragments are not 
rounded and water- worn, as is the sediment of rivers. The mo- 
raines on the top of the ice (lateral and medial) are little or not 
at all abraded, but are deposited as angular blocks and frag- 
ments. The ground moraine, on the other hand, is abraded in 
the peculiar way already described. In all this work of glacial 
denudation the process is entirely mechanical, d' ^'hemical de- 
composition plays no part in it. 

Certain other forms of transportation by ice may be conven- 
iently mentioned here. 

Ground Ice form.s in rivers and ponds on tlie bottom, freezing 
around stones and boulders, and when broken up by thaws, this 
ice may float for long distances, carr}dng with it burdens far 
greater than the stream which transports the ice could carry 
unassisted. The shores of the St. Lawrence River are fringed 
with lines of large boulders which have thus been brouglit down. 

Lake Ice produces some curious effects in northern regions. 
When the lake is covered with cakes of ice as the result of an early 
thaw, refreezing, by expanding the water between the floating 
blocks, causes the ice to press strongly upon the shore. In cavse 
the lake beach is covered with boulders, the push of the ice heaps 
up the boulders into a ring wall. 

Coast Ice. • — In Arctic regions the shallow water along the coast 
is frozen in winter into a broad shelf of ice called the ice-fooL In 
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the spring iand-slips cover the ice with debris, while the bottom is 
studded with stones and pebbles. When the ice-foot is broken up 
in summer, part of it is drifted away and transports its load of rock 
for long distances. Other parts are worked backward and forward 
by the waves and tides, scoring the rocks of the coast and grind- 
ing and polishing the fragments of rock frozen in the ice, in much 
the same fashion as glacial pebbles are scored and ground. Over 
comparatively limited areas the marks of coast ice often have a 
deceptive resemblance to those left by glaciers. 

Icebergs, — Wlien a glacier entei's the sea, it ploughs along the. 
bottom until the buoyant power of the water breaks off great frag- 
ments of it, which float away as icebergs. These are often of 
gigantic size, veritable islands of ice, and huge as they appear, only 
about one-ninth of their bulk is above water. As icebergs are 
derived from glaciers, they carry away whatever debris the parent 
glacier had upon or within it. 


2. The Sea 

The destructive work of the sea is accomplished mainly by 
means of the waves which, the wind raises upon its surface and by 
wind and tidal currents. The great ocean currents are, as a rule, 
so far from shore, and flow in such deep water, that their erosive 
power is comparatively small The Gulf Stream is stiid to scour 
the bottom in the Florida Straits and off the Carolina coast, but this 
is exceptional. 

Waves act continually upon all coasts, but with very different 
force at different times and places. According to observations 
made for the Scotch Lighthouse Board, the average \vave pres- 
sure on the coast of Scotland is for the five summer months 6ii 
pounds per square foot, and -for six winter months 2086 pounds. 
These are average figures and are greatly exceeded in storms, when 
the force of the breakers often rises to many tons per square foot. 

The effect produced by this great force depends upon the char-, 
acter of the rocks of the coast, its height, and the angle at wliidi 
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it rises out of the water; also, in the case of stratified rocks, upon 
the attitude of the beds, whether they are horizontal, or inclined 
tow-ard or away from the sea. When the coast is high, steep, and 
rocky, the waves continually wear away its base, partly by dis- 
lodging the blocks into which all consolidated rocks are divided, 
and partly by using as projectiles the blocks which it has dis- 


FlG, 74. — Wave erosion ; Etretat, France 


lodged, or which have been loosened by the frost. In heavy gales 
great masses, weighing tons, it may be, are hurled with tremendous 
violence against the base of the cliffs, cutting them into caverns, 
which are further excavated by the ordinary surf. Eventually, 
the cliff is undermined, and the unsupported masses above fall in 
ruins. 

Waves are not so entirely dependent for their effectiveness as 



Fig, 75, - Wave-cut arch) coast of California, (U. S, G. S.) 
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rivers are upon the hard materials which they dash upon the 
coast for their efficiency as destructive agents. The force of the 
mere blow given by a storm breaker is very great, and the hydro- 
stcitic pressure which first forces the water into every fine crevice 
of the rock, and then withdraws it, together with the sudden 
compression and reexpansion of the air contained in these fissures, 
assists materially in the loosening of the blocks. 


Along coasts, which are composed of hard rocks the work of 
cutting back the land by the sea is comparatively slow, but when 
the rocks are soft and yielding, and yet rise abruptly from the 
ocean, the waste is so rapid as to attract every one^s attention* 
The coast of Yorkshire in England is washed away at an average 
rate of nearly seven feet per annum. The island of Heligoland, 
near the German coast, has suffered great loss from the attacks of 
the sea within historic times; the small eastern island %vas cut off 
from the larger island, Heligoland proper, by a great storm in 1720. 
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At Long Branch, New Jersey, the sandy bluffs must be artificially 
protected against the attacks of the sea; yet in spite of such protec- 
tion, almost every severe gale does considerable damage. 

Sandy coasts which are low-lying and flat often suffer less from 
the inroads of the sea than rocky and precipitous ones, especially 
as they are apt to be lines along which material is accumulating. 
Even such coasts may, however, be rapidly cut back, as is shown 


flG, 76.— 'Wave erosion, strata dipping seaward; Orkney Islands, Scotland 


in the familiar example of Coney Island, where great damage has 
been done of late years. When the sea is eating away a sandy 
shore, the homogeneous material prevents the occurrence of such 
irregularities of the coast-line as occur in rocky districts. So long 
as the coast is neither elevated nor depressed, the surf cuts it back 
at a continually decreasing rate, because the retreat of the coast- 
line leaves a shelf covered with shallow water, in passing over 
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which the waves are retarded by friction and strike the shore 
with greatly diminished force. Just how far such a coast may be 
cut back is not definitely known, but it probably does not exceed 
a few nnles, at most. On the other hand, if the land in question 
be slowly sinking, the sea gains a great advantage and may con" 
liniie its destructive work indefinitely. Indeed, several high 
authorities are of the opinion that this is the only method by 


Fig. 77. — Wave erosion, strata dipping landward; TDuncansby Head. Orkney Islands 


which great areas can be planed down to an approximately level 
surface. Again, it should be noted that wdren the sea is advancing 
over an ancient land surface, it finds ready to hand an immense 
body of soft materials which are speedily removed. The deep 
decay of the rocks into soil and the deposits made by the wind, rivers, 
lakes, etc., have all prepared the way for the erosive action of the 



sea. When the coast is elevated, the sea cuts a succession of 
terraces. 

Besides cutting back its shores, the sea continually grinds up the 
material which is brought into it by the rivers, and that which it 
obtains by its own wear of the coast. The great blocks on the 
shore are roiled about in storms, and worn into rounded boulders, 
which are gradually reduced to smaller and smaller size. All the 


, Fig, 78. ---Joint-block partly dislodged by the surf on wave-cut terrace ; Wick, 
Orkney Islands 

minerals softer than quartz are rapidly ground into fine particles 
and swept away by the undertow into deeper and quieter waters, 
leaving the larger quartz fragments to form the pebbles and sand 
of the beach. 

The action of the waves is limited vertically, ceasing to be effec- 
tive in quite .shallow water, not far below the low-tide mark. In 
violent storms the waves often accomplish much destruction far 
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Fig, 79. — ' Igneous rock, corraded by sea-water, about natural size- 
graph by van Ingen) 


extent is exposed to the incoming tide, the latter . travel^ 
around the island in both directions, and if the shape of the 
mainland is favourable, one of these currents will be much higher 
than the other, which will produce a “ race between the island 
and the mainland. Hell Gate, New York, is an example of this; 
the tide advances through New York Bay and Long Island Sounds 
being higher at flood, lower at ebb, in the sound than in the bay. 
The consequence is a swift current into the bay at flood-tide and 


above high tide, but the principal work of the waves is confined to 
a belt extending from a little above high tide to somewhat below 
low tide. However, Graham Island, near Sicily (see p. 67), 
which was thrown up in 1831, has been so completely removed 
by the waves that not even a shoal remains. Below the loW'- 
water mark the wave work is often efficiently supplemented by 
tidal currents, which under favourable circumstances acquire 
great velocity and depth, scouring away loose materials and 
even cutting into solid rock. When an island of considerable 
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into the sound at ebb. The floor of the British Channel, over 
whu-h the tidal currents rim very rapidly, is swept bare of sand, 
which IS earned into the North Sea. By such means as tliis, the sea 

cuts way the land to depths much greater than unassisted waves 
can effectively reach. 

Rocks are also attacked chemically by the solvent and decom- 
posing action of sea-water. The silicates, such as the felspars, 
augi e, lorim ende, etc., are attacked much more rapidly than in 
fresh water. In .shoal water and on the shore this action is obvious 
only in spots sheltered from the direct assault of the waves, because 
the products of decompo.sition are immediately removed by the surf 
and the mechanical work is so much more striking. .Limestone 
coasts suffer from solution by sea-water, and are characterized by 
ong ca verms and tunnels, though .sea caves arc worn by the surf in 

the^T depths of the oceauic basins, 

where the water is never disturbed and where its motion is ev- 

tremely slow, chemical activity becomes relatively very impor- 
tant Calcareous shells are completely di.ssolved, and the volcanic 

’ vast areas, is disinte- 

grated into a characteristic red clay. 

3. Lakes 

In comparison with the long life of the earth, lakes must he 
regarded as merely temporary bodies of water, which will sooner 
^‘fWear, either by being drained of their waters or by 
.■.,.^eing filled up with the sediments which are washed into them^ 

,, The general term lake is employed for any inland body of water 
:i part of the sea, but lakes are formed in very 

correspondingly different histories. MosI 
. .lakes occupy depressions below the general drainage level of ■ 

■ t-d 
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:• the glaciers theinselves, by the d<^bris of land-slips, or by the deltas 

:j of tributary streams which bring in more material than the main 

river can dispose of. Others still are enlarged basins cut out by 
I rivers. Great lakes that persist for long periods of time are con- 

'j tained in basins, often of great depth, which were formed by 

I movements of the earth’s crust; the other kinds are more evaiies- 

I cent and usually of rather small size. 



Fig. 80, — Wave-cut bluff on I^ake Ontario. (U. S. G. S.) 

Small lakes accomplish very little in the way of rock destruction, 
but are rather places of accumulation. The waves, even in storms, 
are not heavy enough effectively to cut back the shores, while the 
current of water through the lake is too slow and the sediment 
transported too small and light to erode the bottom as a river 
does. In great lakes, such as those which drain into the 
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Lawrence, storms develop a very heavy surf, and such lakes 
eat into their shores as the ocean does, but the veiy' small tide 
coi^nes the work of the waves within narrmver lim'its, and the 
lighter breakers are less effective. Lakes are subject to various 
accidents which cause great fluctuations of the water-level. De- 
sert^ shore-lines are marked by beaches and terraces. The 
method of denudation by lakes is the same as that of the sea 
different"'*''^"* accumulation of material are characteristically 

4- Organic Agencies 

. r agencies are animals and plants, both living and 
after death. In some respects these agencies tend to counteract 

(r) -These have already been considered 

part, m connection with the processes of weathering (see p. loo) 
^eTrotective effects of organisms are almost entfrelv tLe of 
plants, since animals, on land at least, are not suiSciently" abundant 
to be of any importance in this connection. A thick covering 
of vegetation, especially the elastic, matted roots of grassy turf 
protects the soil against the mechanical wash of rain. Ho ^ 
plete this protection often is, may be seen in the different effects 

^ joining ploughed lands, or even on the roads. The roads mav 

n« >■»' 

. . ‘ ceitam of the western bad land*:^ the effi 

cient protection given by grass is very well shown; where the grass 

itTs Xenffhe ^ ""““S’ 

IS absent, the wild and broken bad lands are developed 

Forests also are very important conservers of the soil especially 

% r r ■ 7.r “7 

omy too often is followed by calamitous results 

wi«d*'«17oft7,S7f I»», %l.t soiJs from tho 

md, of, on th,s IS a, only means bj which sand dunes can 
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6e held in place and prevented from overwhelming valuable lands. 
Even the banks of rivers and the seacoast may be efficiently pro- 
tected by plants. Dense masses of seaweed growing on the rocks 
form an elastic buffer against the surf, and along low-lying tropical 


i 

I 





Erosion following removal of forest; Great Smoky Mis., Tenn, 
(U.S. Bureau of Forestry) 


coasts the mangrove trees, with their interlacing aerial roots, so 
break the force of the waves that they cannot wash away even 
fine mud. 

The only protection afforded by animals that requires mention 
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is in the case of coral reefs, which, thrown up along or parallel 
to the coast, shield it from the heaviest surf. 

(2) The Destructive Effects of the organic agencies are decidedly 
subordinate to those of the other classes which have so far been 
considered, but they are not without importance. The products 
of vegetable decomposition in bogs and in beds of clay, muds on 
the sea-bottom, etc., are efScient means of chemical change, and 


Fig. 82, — Soil destruction due to removal of forest ; Mitchell Go., N.C. 

(U. S. Bureau of Forestry) 

observations show that the decay of animals in the deep sea is an 
agent of no mean importance in promoting the chemical changes 
which there take place. But even living animals and plants do 
an important work in disintegrating rocks, that should not be over- 
looked. Bacteria play a considerable, but not yet fully known, part 
in the surface decomposition of rocks and soils. Certain of these 
microscopic plants have the power of fixing the atmospheric nitro^ 
gen and converting it into nitric acid, while others are the indispen- 
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sable agents of organic decomposition. Seeds germinating in the 
crevices of rocks, or the roots of trees which invade such crevices 
from above, wedge the rocks apart with the same irresistible power 
as is displayed by frost, and often large ai*eas of rock are thus most 
effectively broken up. The roots of living plants also secrete an 
add, which dissolves out some of the soluble constituents of rock, 
thus adding a chemical activity to the wedge-like mechanical 
effects of growth. 

Many marine animals bore into rocks, even the hardest, and 
cause them to crumble, and on the land great numbers of animals 
continually bore and tunnel through the soil, allowing a freer 
access of air and water. In the tropics the soil is fairly alive with 
the multitude of burrowers. Earthworms are among the most 
important agents in work of this kind, and the last of Mr. Dar- 
win’s books was a most interesting one upon the geological work 
of worms. The worms swallow quantities of earth, for the sake 
of the organic matter which it contains, and grind it exceedingly 
fine in their muscular gizzards. This ground-up soil is always 
deposited on the surface, in the form of the coiled 'worm-cast- 
ings,” so abundant in grassy places. Worms are thus continually 
undermining the soil, bringing up material from below and depos- 
iting it on the surface, while, by the collapse of the old burrows, 
the first surface gradually sinks. In England the material thus 
yearly brought to the surface varies from seven to eighteen tons 
per acre, which means an average annual addition of one-tenth 
to one-sixth of an inch. By this means the surface of the ground 
is constantly changed, and substances spread over the ground 
in the course of years make their way down into it, forming well- 
defined layers beneath the surface. In the tropics ants and 
termites (so-called white ants) are even more active than worms in 
tunnelling the soil, and in many semi-arid plains burrowing 
mammals in incredible multitudes are continually working over 
tlie soil to great depths, as in the prairie-dog villages of our western 
plains. The occasional heavy rains thus penetrate to depths which 
could not otherwise be reached. 


X8o SUMMARY OF DESTRUCTIVE ACTION 

Summary of Destructive Action. —The surface of the land is 
everywhere attacked by the imiversally present atmosphere at a rate 
which differs much in different regions, depending upon climate, 
elevation above seadevel, and the resistant power of the rocks. The 
rain chemically decomposes the rocks, converting them into 
soil, and mechanicalh" washing; this soil to lower levels and into 
the streams. Frost shatters the rocks into smaller and smaller 
fi'agments. In arid regions the extreme changes of temperature 
break up the rocks much a;s does the expansive force of freezing 
water, while the wind transports immense volumes of sand and 
dust, which cut and carve and wear away the exposed rocks. 
Underground waters, especially when heated, do an important 
work of solution and decomposition, and, under favourable cir- 
cumstances, cause the dislodgmeiit of great masses of earth and 
rock in land-slips and rock-slides. Rivers excavate valleys and 
serve as the great agents of transportation, bearing the waste of the 
land to the sea, and glaciers do similar work in a highly charac- 
teristic manner. The sea cuts into its coasts by the action of 
waves, deepening its bed in shallow places by tidal currents, and in 
the case of a slowly sinking land may plane down great areas to a 
flat, gently sloping surface. Animals and plants add an important 
quota to the general work of destruction. 

The annual waste of the land at the present time is estimated at 
20 cubic kilometers (Penck), and, in past times, an incalculably 
great amount of material has been removed from the land. The 
Appalachian Mountain system has thus lost thicknesses of rock 
which vary in different regions from 8000 to 20,000 feet, and it is 
altogether probable that the average waste of all the continents 
amounts to several thousands of feet. The figures given for the 
basins of the Mississippi and Ganges show that such waste implies 
enormously long periods of time. 


CHAPTER VH 


RECONSTRUCTIVE PROCESSES. CONTINENTAL DE- 
POSITS, LAND, SWAMP, AND RIVER 

We have now to inquire what becomes of the material which is 
derived from the decomposition and disintegration- of the rocks. 
At the present time, it is estimated, about one-lialf of the waste 
of the land is carried directly into the sea, while the 
remainder is. arrested in its journey and deposited upon the 
land. It must be remembered, however, that when the sea ad- 
vances over the land, these deposits are, to a large extent, rapidly 
worked over by the waves and converted into marine deposits. 
The accessible rocks of the earth’s crust are more largely composed 
of marine deposits than of those laid down in other ways, yet the 
non-marine sedimentary rocks are also extensively represented. 
It is only quite lately that the importance of this latter class of 
rocks has been appreciated. Furthermore, their importance is 
not merely quantitative, but lies also in the help wdiich they give 
in the determination of ancient land surfaces, lake beds, river 
channels, ice-fields, and tlie like. It is therefore necessary to 
study all the methods by which rock reconstruction is effected, on 
however small a scale. 

The most natural primary division of the sedimentary accumu- 
lations is into the marine and the continental, including in the 
latter the deposits w’^hich are made upon the land, or in such bodies 
of water as are not parts of the sea. Between these tw^o principal 
classes there is a transitional series, consisting of deposits laid 
down in bodies of salt water which are in tidal connection with the 
sea, such as estuaries, almost closed bays .and sounds, or seas, like 
the Baltic, which are partly brackish, as well as the littoral, or 

i8i 
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seashore which by the movement of the tides is alternately a 
land surface and a sea-bottom. These distinctions are sufficiently 
obvious, yet they are not always easy to appl.y, especially in the 
absence of fossils; hence great differences of opinion continually 
arise concerning the interpretation of certain rock masses. 

Stratification. — It is an almost universal characteristic of sedi- 
mentary accumulations, whether modem deposits or ancient rocks 
hat they are stratified, that is, divided into more or less parallel 
ajers oi beds. Indeed, the terms secondary, derivatwe, sedi- 
mentary, and stratified rocks are but different names for the 
, same thing. Stratification is due to the sorting power of water or 
o t le wind, by which, so long as conditions remain the same par- 

the^s^ime f weight are thrown down at 

_ - spo . If sand, gravel, mud, and clay are shaken together 

in a jar of water and then allowed to stand, the various materials 
will settle to the bottom in the order of their coarseness, the finest 
ming down last. Yet the change from one kind of material 
to another will be so gradual that no well-defined layers w 
appear, and thus no true stratification results. Lavers clmrly de- 
marcated from one another may be produced in ehherone of two 
ways: (i) by such a change of conditions that the material depos- 
ffed changes abruptly, though perhaps only as a mere film of a 
different substance, or (2) by a pause, however brief, in the process 
0 deposition. In the latter case, each laver repmsent' ^^0 
of deposition broken by an interval which allows the surface jy,r 
tides to arrange themselves .somewhat differently from the position 

r T deposition continuous. The jrlanes of 

ontact between the successive layers, which may be indistinct or 

IS ef fT ’ or sLtifiealion plLs 

and each one of these formed the surface of the lithosnhere eithn^ 

a^land surffice or the bottom of some body oVti tV 
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The power of ordinary winds to transport material is much less 
than that of water, and wind- borne debris is, on the average, much 
liner than water-borne sediment, and furthermore the winds are less 
constant in direction and subject to greater and more sudden 
changes of velocity. Consequently, stratification by the wind is, 
as a rule, less even and regular than that which is due to water; 
but still wind-made deposits are stratified, and it is not always 
practicable to distinguish with certainty between the two classes. 
Fine volcanic ash and dust may be spread by the winds over 
immense areas and in very regular beds or strata. 

The sorting power of water or wind results in the concentration 
of similar material, so that, as a rule, each bed is made up of some 
predominant substance in a state of greater or less purity, such as 
gravel, sand, clay, etc., and thus heterogeneous material is sepa- 
rated into its constituent parts, though the separation is rarely 
quite complete, and sometimes there is hardly any separation at alL 
On examining a thick series of deposits, we find that the materials 
are apt to change both vertically and horizontally. Changes in the 
vertical direction imply changes of conditions, in accordance with 
which different kinds of material are successively laid down over 
the same area, so that gravel is deposited on sand, sand on mud, or 
vice versa. Such changes are usually abrupt, so that each stratum 
is sharply demarcated from the one above and the one below it. 
On the other hand, changes in material in the horizontal direction 
are usually gradual, and a bed of sand may pass by imperceptible 
transitions into one of gravel or of mud. This is because of the 
gradual change in the velocity of the transporting agent and there- 
fore of its carrying power. In the sea or a large lake the material 
on the bottom grows finer outward from the shore, while a river, 
whose velocity diminishes from head waters to mouth, lays down 
material of decreasing coarseness, from the boulders and cobbles 
of the head waters to the fine silt of the lower course. 

Each agent of reconstruction, or deposition, has its own charac- 
teristic manner of accumulating material, and, in typical instances, 
it is easy to distinguish between them, but there are also many- 
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similarities and, as we have already learned, it is sometimes ex- 
ceedingly difficult to determine which of several possible agents 
was the actual means of forming a given series of deposits. If 
no fossils (i.c. recognizable traces of animals or plants) are present, 
it is not always easy to determine, for example, whether a given 
sandstone was laid down in the sea, or in a lake, or heaped up by 
the winds in a desert. This uncertainty is, however, largely due 
to our ignorance concerning all the minute details of structure 
which characterize the w^ork of each agent, and may ]:>e expected to 
disappear as knowledge of these details a<lvances. Of late years 
great progress has been made in these matters, and vsystematic study, 
it may reasonably be hoped, will remove an ignorance which is 
owing chiefly to a neglect of the subject and to certain precon- 
ceptions inherited from the early days of geology. 

A. CONTINENTAL DEPOSITS 

The continental deposits may be classified in several different 
ways, each one of which has its advantages according to the object 
aimed at. Our present purpose will best be served by arranging 
these accumulations, in general, in accordance with the agency by 
which they are made. However, it is not feasible, nor even de- 
sirable, to carry out this scheme with rigid consistency, for so many 
deposits are formed by two or more agents acting together, wind 
and rain, ice and water, rivers and the sea, etc. Then, too, the 
various agents so often have shifting boundaries : on the seashore 
the tides, especially the spring and neap tides, make the limits 
of land and sea somewdmt indefinite, while rivers, now con- 
fined to their channels, again are flooded so as to form great 
temporary lakes; the rare but violent rains of the desert may 
cover with a sheet of shallow water great areas which are ordi- 
narily baked and cracked by the blazing sun. Owing to this shift- 
ing of limits and the alternation of agencies, continental deposits 
seldom display such uniformity over wide areas as obtains on the 
sea-bottom, where the conditions are so much more constant. 


CONTINENTAL DEPOSITS 1 8 S 

The land is the scene both of denudation and deposition, and 
which of these two processes shall prevail in any area depends 
upon the topography and the climate of that area. As is shown 
in the diagram, Fig. 83, only about one-fifth of the land surface 
is raised more than 1200 meters (about 4000 feet) above the level 
of the sea, and this fifth includes the regions of most active denuda- 
tion; three-fifths, at successively lower levels, are areas of progres- 



FlG. S3. —Diagram showing the relation between height and area of land above 
sea-level and of water in ocean basins. Vertical columns of figures indicate 
heights and depths in meters ; on horizontal line, millions of square kilometers, 
(Penck) 

sively less effective erosion, as we descend from higher to lower 
ground, w^hile the remaining fifth receives deposits upon it. Nearly 
a fifth of the land of the globe is comprised in interior continental 
basins which have an arid climate and are without an outlet to the 
sea; some, indeed, like the lower Jordan valley and the Dead Sea* 
are far below the ocean level Probably one-half of this desert and 
semi-desert area is the seat of extensive deposition. The areas of 
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denudation and those of deposition arc thus tleterniined by climate 
and topography, and shift as those factors change or are modiiied 
by diastrophic movements of the earth's crust. 

I. Terrestrial Deposits 

Under this head are included those accumulations of the me^ 
clianicai and chemical waste of preexistent rocks which are formed 
on laud surfaces and not in permanent bodies of water. Deposits 
made by ice are considered in a separate section. The principal 
agencies which form de[)osits of this class are rain and wind and 
springs, and the great variety of them is due to climatic factors, the 
velocity and constancy of the winds, the quantity and seasonal 
distribution of the rainfall, the amount and rapidity of temperature 
changes. Hence wc find different kinds of deposits in deserts and 
humid regions, in cold, temperate, and trojiical climates, near the 
seashore, and in the interior of the continents. The necessity of 
considering and emphasizing these differences lies in their value 
for historical studies. Every rock bears within it a record of its 
history, could we only decipher it. 

Residual Accumulations; Soil. — As we have already seen, the 
disintegration and decay of rock results in the formation of soil, 
which is the residuum after the removal of more or less of the par- 
ent rock. In humid climates there is usually a distinct subsoil 
which is less thoroughly oxidized and hydrated and is lighter in 
colour and much less fertile than the top soil, which is largely due 
to the washing downward of the fine clay particles by percolating 
rainwater. In arid climates there is less kaolinization of the 
aluminous silicates, a much deeper top soil, and little or no distinct 
subsoil Under the influence of wind, rain, and other agencies, 
the soil travels down the slopes and accumulates, often to great 
depths, in valleys and depressions, and is carried in enormous 
volume by the rivers. Very little soil, as such, is built into the 
rocks of the earth's crust, but sometimes it is buried under a lava 
stream or depressed beneath the sea or a lake in such a manner ' 
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as not to be washed away, but immediately covered by other de- 
posits. Such an old soil, or dirt bed,” may be recognized by its 
texture and appearance and by the fossil roots and stems of land 
plants with which it is apt to be filled. 

Lateriie is a peculiar soil very widely spread in the tropics and of 
a deep red colour, caused by the presence of FegOa. It differs from 
ordinary soils in the fact that much of the alumina is present as an 
oxide, instead of the silicate, and is frequently characterized by 
lumps and nodules of Fe20s, which are produced by a chemical 
process of concentration. 

Chemical Deposits. — In the tropics, which so largely have a 
regular alternation of rainy and dry seasons, and in arid regions, 
where the rain often falls in torrential showers, followed by long 
periods of drought, the movement of water through the soil is 
frequently reversed in direction. During the rains the movement 
is downward; in the dry period evaporation from the surface and 
capillarity cause a slow ascent of the water through the soil Often 
this ascending winter is charged with material in solution and this 
material is deposited on or near the surface as the water evaporates. 
In deserts and semi-deserts the surface is often white with salt, the 
sulphate or carbonate of soda, borax, and other soluble com- . 
pounds. Tlie iron nodules of laterite are produced in this manner, 
and sometimes these nodules are cemented into continuous sheets 
of crude htematile. Where the soil and underlying rocks contain the 
carbonate of lime abundantly, the water concentrates them at 
the surface, it may be, as in South Africa, in very extensive sheets 
of hard limestone. These terrestrial chemical deposits may cover 
very wide areas, but never in any great thickness. 

Mechanical Deposits are made on land surfaces by various agen- 
cies and form quantitatively much the most important series of the 
class. 

Talus and Breccia. — As has been pointed out (pp. X14 and 118), 
great masses of angular blocks of all sizes accumulate at the foot 
of cliffs and on mountain slopes as talus, which shows an imper- 
fect division into layers and is slowly but continually creeping 
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downward. By the deposition of some cemen 
alty CaCO.s) in the interstices of the talus the bl 
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the soil to immense distances and deposits them where they are less 
exposed to the wind, and where there is vegetation enough to hold 
them. In Central Asia the sun is often darkened for days by these 
dust-storms, and after they are past, a tine deposit of yellow dust 
is found over everything. Loess is a deposit formed in this way, 
and it is found in many lands. One of the largest known accumu- 
lations of it is in northern China, where it covers an immense area, 


Fig. 85.-^ Sand dune with wind-ripples, River Terraces in distance; Biggs, Oregon* 

(U, S. G. S.) 


to depths of 1000 to 1500 feet. It is not stratified, but cleaves 
vertically, and thus the ravines and valleys excavated in it have 
very abrupt sides. Loess also occurs in Europe, and the Pampas 
of the Argentine Republic are covered with a great thickness of it. 
The loess of the Mississippi valley, though of rather exceptional 
character, is yet probably of ieolian origin. 

Blown Sand . — Wherever a sandy soil occurs unprotected by 
vegetation, as in deserts or along the seacoast, the wind drifts the,. 
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Fig. 86, — Sand dune; Beaufort Harbor, N.C. (U. S. G, S.) 


are mixed with pieces of shells and other calcareous material, per- 
colating waters, hy dissolving and redepositing the CaCOg, may 
cement the sands into firm rock. This is the more conspicuous 
:when the whole material is calcareous, as in the shell sands of 
Bermuda. This substance, ground up by the surf, is transported 
inland by the wind and piled up into dunes. Rain-water cements 
the loose grains together, and by the alternate accumulation by 


sand and piles it up into hills or sand dunes. The dunes are 
roughly divided into layers, the thickness and inclination of which 
depend upon the force and direction of the wind, and often imi- 
tate the confused arrangement of sands piled up by waves and 
currents under water. The sand-grains of the dunes are, however, 
more rounded by the abrasion which they have undergone and, 
especially in deserts, they are apt to be smaller. When the sands 
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mild and cementing by rain is formed the stratified asoiian or 
drift “Sand rock. 

Spring Deposits. — As our knowledge of microscopic plants 
increases, many processes which were believed to be purely chemi- 
cal, are found to be dependent upon the acti\'ity of minute plants. 
At present, it is not possible to distinguish accurately, in all cases, 
between the two kinds of processes. 

Many springs precipitate carbonate of lime, on coming to the 
surface. The quantity of CaCOu which, a given volume of water 
will dissolve depends upon the amount of COo contained in that 
water, and the quantity of dissolved gas, again, is determined by 
the pressure to which it is subjected; When the spring-waters 



Fig, 87. — Ideal section through Mammoth Hot Springs, showing the water rising 
through limestone. (Hayden} 

reach the surface, the pressure is relieved, much of the CO^ im- 
mediately escapes, and more or less of the OdCO^ is deposited as 
travertine in the neighbourhood of the spring, often in masses of 
considerable extent and thickness. The process is not always 
entirely chemical The beautiful calcareous terrace formed by 
the Mammoth Hot Springs, in the Yellowstone Park, is, in part 
at least, due to the separation of the lime salt from the water by a 
jelly-like plant, which growls in the hot water and is spread in 
bright coloured layers over the surface of the terrace. The parts 
of the terrace where deposition is no longer in progress can be at 
once distinguished by their white colour. 


Siliceous deposits are much less common than the calcareous, 
because of the rare conditions under which silica is dissolved 
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m any considerable quantity, hot solutions of alkaline carbon- 
ates being necessary for this purpose. In the Yellowstone Park, 
especially on the Fireliole River, are great terraces and flats of 
hard white siliceous sinter, or geyserite, which have been formed 
and are still being added to by the innumerable hot springs and 
geysei-s. The silica is deposited partly by the evaporation of the 
water and partly by the action of Algce (minute plants) which 


fig. 88. - Travertine terrace of the Mammoth Hot Springs. Yeiiovvstone Park 
flourish in hot-water pools. Similar deposits are found in the 

geyser regions of Iceland and New Zealand. 

whIcrcontT known as chalybeate, 
rac in solution. Con- 

chafani le?! % T' Patches on the 

n nX“r oonsiderable quantities of 

1 collect in pools. Here again. oraamV no-pno,, ,v,nw 
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the chemical work, for certain diatoms extract iron from the water 
as other Alga; extract lime and silica. ’ 

Certain mineral springs are of importance, as indicating a 
way m which mineral veins may have been formed (seep. 430) 
1 he Sulphur Bank Springs in the Coast Range of California are an 
especially instructive example of this activity. Below the depths 
o which the atmospheric influences penetrate, the fissures in the 
~cis are M«, with hydrated silica, i.id, is ui soft ."w a'rf 
contains mom or less cinnabar (sulphide of mercury). In other 
places the silica is hardened to chalcedony, and deposits of cin-' 
nabar mixed with iron pyrites fill up the crevices. The hot waters 

acids and alkaline sulphides. Near Virginia City, Nevada, hot 

ino thev have 

posited linings of silica, amorphous and chalcedonic, with some 

quartz, containing minute crystals of iron pvrites and traces of 

SS °° *'■' ™ 

Mosiluto Deposits .re the only strictly terrestrial organic for- 

guano, which is the accumulated e.vcrement of birds (in caves of 
bats), and contains phosphates in large quantity. In rainless 
regions such as the Peruvian coasts and isLds, the guai o mlv 
accumulate to gr.u thickness without loss of its .solubt matt“m 
t in rainy districts these are largely carried awav by percolating 
waters. Should the underlying rock be a limestone, it will bf 
gradually mn verted from a carbonate into a phosphate of lime 

Ftorid'a “Thi W ‘t "W” Ptepteic rock of 

OCJUI^ Ol South Carolina are regarded as due to the action of 
swamp water upon underlying shell rocks, though the source of 
phosphonc acid is not well understood 

Cave Deposits. -The chemically formed cave deposits are due 
y generally found m limestones, and the percolating waters 
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which make their way through the roof of a limestone cavern 
always have more or less CaCOs in solution. A drop of such 
water, hanging from the cavern roof, will lose some of its COo, upon 
the presence of which the solubility of the CaCOg depends, and 
deposit a little ring of the lime salt. Successive depositions will 
lengthen the ring to a tube, and then the tube will be built up 
by layers on the inner side, until it becomes a cone. At first, the 
deposit is white, opaque, and very friable, criimbling at a touch, 
but repeated depositions fill up the interstices of the porous mass 
and convert it into a hard, translucent stone, which assumes a 
crystalline structure through the development of calcite or ara-* 
gonite crystals. The masses, thus formed, that depend from the 
roof of the cavern, are called stalactites. After hanging for a time 
from the roof, the drop of w^ater falls to the fiobr of the cave, and 
there, in similar fashion, deposits a little layer of GaCOa, which 
gradually grows upward into a cone. Thh \S 'd stalagmite ^ and 
differs from the stalactite only in the fact that it grows upw’-ard 
from the fioor, instead of downward from the roof. The stalag- 
mite is, of course, exactly beneath the stalactite, and as long as 
the water continues to follow the same path, the two cones are ' 
steadily, though very slowdy, increased both in height and thick- 
ness, until they meet, unite, and form a pillar extending from floor 
to roof of the cavern. 

These deposits form the most curious and beautiful features of 
limestone caverns. The stalactites assume ail mannerof shapes, 
determined by the way in which the \vater trickles over them, and 
the abundance or scantiness of the water supply. Fantastic and 
beautiful shapes of every description, fringes of crystal spar, and 
curtain-like draperies hang from the roof and cover the wails of 
the chambers, w^hile grotesque shapes rise from the fioor, which is 
itself often a solid mass of the same deposit, and the pillars, once / 
formed, are ornamented with every variety of fringe and sculpture. / 
The constancy of the paths by which the water descends through ^ 
the roof of the cavern, insures that the process shall continue/ ^ 
uninterruptedly for very long periods of time. The Luray Cavernr^ , 
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of Virgiuia are famous for the bizaiTe beauty of their formations, 
but limestone caves everywhere have more or less of the same 
deposit to show. 

This process may be readily observed in any masonry arch, 
through which rain-water percolates, as a bridge, for example. 
The lime of the mortar is converted, in course of time, by contact 
with moist air, into CaCOs, and this again is partially dissolved by 
the rain. When the rain-water trickles through the arch, it leaves 
icicle-like deposits, or thin sheets of calcareous mattei*, fringing 
the under side. 

In a cave, it frequently happens that angular fragments fall 
from the roof and are cemented into a breccia by deposits of 
stalagmite. In caves connected with the surface by openings, 
sand and gravel, or line soil and loam, are washed in by streams, 
or by the rain, and form the characteristic deposit known as cave 
earth. In ancient caverns, no longer subject to this wash, the 
whole deposit of earth may be sealed in by a covering of stalag- 
mite. Cave earth has, in many instances, yielded great quantities 
of bones, which were washed in with the earth, or dragged in by 
the carnivorous animals which inhabited the cavern. The Port 
Kennedy cave in Pennsylvania is almost filled up by the bones of 
extinct animals which were w^ashed into it, and many such cases 
are known, especially in Europe. 

II. Palustrine or Swamp Deposits 

The most important of the swamp and bog deposits are the 
vegetable accumulations, for the preservation of which a certain 
amount of water is necessary. The vast quantities of coal which 
occur in so many parts of the world, testify to the significance of 
the part which bog and swamp accumulations of vegetable matter 
have played in the earth^s history. The nearest approach to coal 
that we have in process of formation at the present day, we find 
in the peat-bogs, w’^hich are especially abundant and extensive in 
cool, damp climates, as in Ireland, Scandinavia, and the northern 
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parts of North America. In northern regions the peat is formed 
principaily by mosses, and especially by the bog moss, Sphagnum; 
elsewhere, as in the Great Dismal Swamp of Virginia, the leaves 
of trees and various aquatic plants are the sources of supply. 

The processes of organic decomposition depend upon the 
activities of bacteria, but, for the sake of simplicity, we may 
treat the subject as if the processes were chemical only. Vege-' 
table matter consists of carbon, hydrogen, oxygen, and nitrogen, 
with a certain proportion of mineral matter, or ash. When de- 
caying on the ground, exposed to the air, the plant tissues are com- 
pletely oxidized, and form such simple and stable compounds as 
CO2, HoO, NHg, and the more complex humous acids, and thus 
hardly any solid residue is left. In forests the accumulation of 
leaves for many centuries results only in a shallow layer of vege- 
table mould. Under water, where the supply of oxygen is very 
limited, vegetable decomposition is much less complete. Some 
CO2, H2O, and CH3 (marsh gas) are formed, but much of the 
hydrogen and nearly all of the carbon remain; the farther decom- 
position proceeds, the higher does the percentage of carbon rise, 
and the darker does the colour of the mass become. Peat fre- 
quently forms in small lakes and ponds, aquatic plants growing 
out from the edges and on the surface, until they gradually fill up 
the basin and convert tlie pond into a bog. 

The Great Dismal Swamp of Virginia and North Carolina prob- 
ably more nearly reproduces than do most existing peat-bogs the 
conditions of the ancient coal swamps. The swamp, which meas- 
ures thirty miles by ten, is a deiivse growth of vegetation upon ,a 
water-covered soil of pure peat about fifteen feet deej> and with no 
admixture of sediment. The swamp cypress grows abundantly in 
the bog, and prevents, by its dense shade, the evaporation which 
would take place in summer, could the sun’s rays penetrate to the 
wet soil. The shallow layer of water which covers the ground 
receives the fallen leaves, twigs, and branches, and sometimes 
even the trunks of fallen trees, preventing their complete decom- 
position, while the dense covering of mosses, reeds, and ferns 
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Fire-clay is frequently found at the bottom of peat-bogs, and is 
directly connected with the procevsses of vegetable decomposition, 
though not itself of organic origin. Fire-clay contains a large 
admixture of siliceous sand, but is free from lime, magnesia, the 
alkalies, and any high percentage of iron; it is thus a mixture of 
nearly pure clay and sand, which may be heated very highly -with- 
out melting or crumbling. The iron, alkalies, and alkaline earths 
are gradually leached out of the clay by the action of the peat^r 
water, which is charged with organic acids, and thus an ordinary 
clay is converted into a fire-clay. Fire-clay occurs frequently 
beneath coal seams; as the percentage of silica becomes very high, 
fire-clay passes over into gannisier, which is largely used for the 
lining of iron furnaces. 

Bog Iron-ore is aiiother substance which is indirectly due to the 
decay of plants; it is found at the bottom of bogs, or lakes, in 
deposits which are sometimes many feet thick. Iron is a very,^ 
widely disseminated substance, occurring in almost all rocks and 
soils, though usually in very small quantities; by the action of the 
bog-water the oxide is converted into the soluble carbonate (FeCOs). 
Solutions of FeC.Oa accumulate under peat-bogs and deposit their 
mineral by concentration; but when the iron-bearing waters , 
evaporate in contact with the air, the carbonate is reconverted into 
the red oxide, by the loss of CO2 and absorption of O. 

III. Fluviatile or River Deposits 

In a preceding chapter we learned that the powder of a stream of 
water to transport sediment depends upon its velocity, which, in its 
turn, is determined by the slope of the ground and the volume of 
water* Further, we discovered the very surprising fact that, for 
the coarser material which is pushed along the bottom, the trans- 
porting power increases as the sixth power of the velocity (r=F^). 
It follows from this that a slight decrease in the swiftness of a stream 
ivill cause it to throw down the greater part of its load of sediment, 
while a slight increase will cause it to carry off what it had before 
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Fig. 91. — Manti Creek, Utah ; flood of August, 1901 
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deposited. Thus, great rivers, like the Mississippi, which flow in 
soft, easily moved deposits, are preeminently whimsical and treaclv 
erous. As the volume and velocity of the stream are much sub- 
ject to change, there will obviously be corresponding changes in 
the scour and deposition at any given point, but there are certain 
places where deposition is so constant that extensive accumulations 


may be formed there. As we trace a river downward from its 
source in a mountain region, we find that in the upper stream, 
which is a torrent in swiftness, only large stones remain at rest, 
everything else being swept along. Farther down stream, as the 
slope of the bed diminishes, the coarse gravel is tlirown down, next 
the coarse sand is deposited, and in the lower reaches of a river, 
which, like the Mississippi, flows over land that has a very gentle 
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gathers on the bottom. The exact limits of the 
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Oenesee River, N.Y. (Photograph by van Ingen) 
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diminished, and over the flooded area (flood plain) large quan- 
tities of material are thrown down, while the unchecked vciocity 
in the channel may cause a scouring and deepening there or, 
under other conditions, the channel and flood plain may both be 
built up, especially if the river flow through a slowly subsiding re- 
gion. The nature of the material dejjosited over the flood plain, will 
depend on the chai'acter and swiftness of the flooded stream, and 
varies from the coarsest gravel to the finest silt. The latter is more 
usual, for the flood plain is widest along the lower course of the 
river. Flood-plain dej>osits attain great importance in interior 
basins which have no drainage outlet and consequently retain all 
the material which is washed into them from the surrounding moun- 
tains by the rain or rivers. In such basins the rivers end in salt 
lakes or die out in the sands, but at intervals, it may be only 
rarely or during an annual wet season, the rivers are flooded and 
immense areas of the desert are converted into shallow seas. Near 
the mountains is formed a fringe of alluvial cones, which may 
coalesce into a continuous belt, and over the central parts of the 
basin is spread the finer material in even and regular stratification. 
The wind may carry away all this material and remove it beyond the 
limits of the basin, leaving only stony wastes, or the deposits may 
accumulate to a great thickness, according to circumstances. 

Even in climates of heavy rainfall great interior basins, due to 
down warping, are found, and though tliey drain to the sea, they 
may become filled to great depths W'ith river deposits. The interior 
of South America, drained by the Orinoco, Amazon, Paraguay, 
etc., is an example of such basins -where river deposition is actively 
progressing on a very large scale. 

In climates with abundant rainfall {pluvial climates) the flood 
plains of rivers are covered with vegetation which protects the 
flood deposits, but in arid climates the flood plains are bare of 
vegetation for the whole or most of the year, and the river deposits 
are exposed to the sun. Great areas of mud and silt, thus ex- 
posed, shrink in drying' and crack in. deep fissures, which enclose 
polygonal areas, as may be seen in any mud puddle which is drying 
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in the sun. The cracks thus formed are called sun or mud cracks 
and may be preserved indefinitely in rocks which are formed from 
flood-plain accumulations. In such deposits there is apt to be a 
difference in the material thrown down in the earlier and later stages 
of the flood, because of the difference in the velocity with which the 
waters move. After the river ceases to rise, the water over the 
flood plain becomes almost stagnant and lays down very fine 


Fig. 96. — Sun cracks in Newark shale, about 14 natural size 


material, which thus forms the cracked surface. "WTien the next 
flood arrives, it carries coarser material, frequently sand, which fills 
up the cracks and thus preserves them. Mud cracks are formed 
under other conditions, as will be seen in the following pages, but 
probably nowhere on such an extensive scale as on the flood 
plains of rivers which flow through arid regions. Footprints of 
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land animals may be preserved in .the same manner by bein, baked 
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the violation is only apparent, not real Were the river to flow at 
a constant level, no terraces could be formed, and the deposits 
would follow the rule, just as they do now in each successive flood 
plain and terrace. Because, however, the stream flows at suc- 
cessively lower levels, the lower flood plain is made up of the 
newer deposits. It should further be observed that the older 
gravels do not actually overlie the newer ones, but are merely at 
higher levels. 


Fig. 97. — River terraces ; Clielan River, Wash. (U. S, G S.) 

Unsymmetrical terraces, which are either confined to one side 
of the river, or if present on both sides, are on different levels, are 
formed when a stream is widening its valley by steadily cutting 
away the bank on one side, shifting the channel toward that side, 
and at the same time deepening it. This will result in the forma- 
tion of terraces representing the former positions of the stream. 
If the lateral movement be all in one direction, the terraces wdU 
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all be on the side away from which the channel is shifting; if it 
be alternately in opposite directions, terraces will be formed on 
both sides, but at different levels. 

Another method of terrace formation should be mentioned. 
If a river which has excavated a deep valley, have its velocity 
checked by a slow subsidence of the coinitry, it will commence to 
fill up its valley with gravel or other sediment, and may thus 


Terrace on deserted channel; central New York. 


accumulate material of great thickness and extent. Should a re- 
elevation of the country now occur, the river will acquire new 
destructive power and cut a terraced channel down through its 
own deposits. In such a case the material is a continuous mass, 
and the gravels of the higher terraces are new^er (not older) than 
those of the lower. The rivers Mersey and Irwell in England are 
believed to be examples of this mode of terrace formation. 
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Rock terraces in river valleys are the result of erosion, not of 
deposition, and are due to harder ledges of rock which are exposed 
by the cutting of the river. Rock terraces may likewise be occa- 
sioned by diastrophic movements and by long-period fluctuations 
in the volume of the stream. In all cases terraces indicate the 
successive levels at which the river has flowed, but they do not 
imply, as would seem at first sight to be the case, that the river 
was once of sufficient volume to fill up the space between and below 
the terraces. 

Deltas are acciimulations of river deposits at the mouths of 
streams, land areas which the rivers have recovered from the body 
of water into which they flow. The factors which determine the 
formation of a delta are not altogether clear. The presence or 
absence of a strong tide is evidently one of these factors, for in 
lakes and in seas with little or no tide, almost all streams form 
deltas, while those rivers which empty into the open ocean almost 
invariably do so by means of estuaries, in which the sea encroaches 
on the land. In North America the rivers which discharge into 
the Gulf of Mexico form cleltas, while the Atlantic streams nearly 
all have estuaries. In Europe the delta-forming rivers empty into 
the Mediterranean, the Baltic, and the Black and Caspian seas. 
Nevertheless, the tide is evidently not the sole fador in deter- 
mining the presence of a delta. The Ganges and Brahmapootra 
have formed a vast delta in spite of the powerful tide of the Bay of 
Bengal; the Thames and the Rhine disc'harge into opposite sides 
of the North Sea, yet, while the kilter has built up a delta, the 
former opens into a wide estuary. If the sea-bottom is subsiding 
faster than the river deposit is built up, no delta will be formed, but 
an estuary; while, on the other hand, slow and moderate subsi- 
dence is favorable to delta formation. 

When a stream loaded with sediment flows into the relatively 
stationary waters of a lake or sea, its velocity is checked and the 
greater part of its load very rapidly thrown dowm. Deposition 
takes place much more rapidly in salt water than in fresh, because 
the dissolved salts reduce the cohesion of the water, and hence 
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diminish the friction which retards the settling of silt. The exces- 
sively fine particles of clay, which in fresh water remain suspended 
for weeks, are thrown down in salt water in a few hours; hence 
the great mass of the sediment falls to the bottom in the vicinity 
of the stream’s mouth. Such rapid accumulation obstructs the 
flow of the river and causes it to divide and seek new channels, 
especially in time of flood, and form a network of sluggish streams 



Fig* 99. — Delta of Rondout Creek m the Hudson River; Rondout, N.Y. 
(Photograph by van Ingen) 


meandering across the low flats. The height of the delta is in- 
creased by the spreading waters of the river, when in flood, and the 
growth of vegetation assists in raising the land. Though the 
Mississippi delta is an area of subsidence, two-thirds of its surface, 
is above water, w’hcn the river is in its ordinary stages. But for 
the levees, however, most of it would be inundated in times of 
flood, when the unconfined waters of the river would form a lake 
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an average 


Fig. ioo. — Settling of clay in salt and fresh water, after 24 hours; the jar on tht 
left contains salt water and is clear, while the fresh water is still turbid. 

The nature of the materials of which deltas consist varies ac- 
cording to circumstances. When mountains are near the coast 
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tlie streams flowing from them may descend into the sea wnth 
suffieient velocity to build a delta of cobblestones and coarse 
gravel. Usually, however, deltas formed in seas are composed of 
very fine materials, because the lower course of most rivers is 
through flat plains, and the stream can carry only very fine silt. 
Even in such cases, there will be differences in the coarseness and 
fineness of the material, corresponding to the seasons of high and 
low water in the river. 

The material composing a delta is stratified in characteristic 
ways, which vary according to circumstances. Three different 
kinds of beds may be distinguished : (i) the holtom-sel beds, which 
consist of fine material, spread out in regular, nearly horizontal 
layers over the sea“bottom; {2) the fo reset beds, which are made 
up of slightly coarser sediment in layers which have a decided sea- 
ward inclination, the steepness of which depends upon the depths 
of water in which the ddbris is thrown down; (3) the topset beds, 
horizontal layers, wvhich are deposited by the river upon the ad- 
vancing foreset strata, as the latter shoal the water, and are 
usually, for the most part, of subaerial origin. • As a rule, the topset 
and bottom-set beds cover the wider area, but the foreset make up 
the greater volume of the delta. 

When a rapid subsidence is going on, the whole della may be 
submarine, and the same result may be effected by powerful 
^vave and tidal action, jis in the t'ase of the Amazon, which has a sub- 
merged delta extending about t:£ 5 miles to sea and covered with 
less than 10 fathoms of water. When the rate of sinking is less 
than that of accumulation and the power of waves and tides is rela- 
tively small, most of the area of the delta, neglecting the bottom- 
set beds, belongs to the region of continental sedimentation. 

The rate of delta growth depends upon the quantity of sediment 
supplied by the river, the depth of the sea or lake into which it 
discharges, the power of the weaves, tides, and currents which dis- 
tribute the sediment, and the stationary or subsiding character of 
the sea-bottom. The Mississippi delta is advancing into the Gulf 
at the rate of a mile in 16 years, and that of the Rhone has been 
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built out more than 14 miles into the Mediterranean since the be- 
ginning of our era. The coast of the upper Adriatic is fringed with 
delta deposits which have widened from 2 to 20 miles since Roman 
times. The combined delta of the Ganges and Brahmapootra 
measures about 50,000 square miles and is still gaining, despite the 
powerful tides and waves of the Bay of Bengal On the other 
hand, there seems to be a limit to delta growth in the sea; the 
Nile delta has advanced very little in the last 2000 years, for a strong 
current sweeps along the sea-front and carries away the sediment. 
Debris from the Indus extends out 800 miles from the mouth of the 
river, covering an area of more than 700,000 square miles. 


CHAPTER VIII 


RECONSTRUCTIVE PROCESSES. — CONTINENTAL 
DEPOSITS, LAKE AND ICE 

IV. Lacustrine or Lake Deposits * 

The term lake is a comprehensive one and includes all continent 
lai bodies of water, not in tidal communication with the sea, in 
which the water is relatively stationary and not actively running 
like a stream. In lakes which have an outlet there is a movement 
of the water toward the outlet, but this movement is extremely 
slow, and in the Lake of Geneva a given particle of W’ater requires 
more than ii years to pass through the length of the basin. 

■■(Forel)' . "■ ' ' 

Lakes are formed in a great variety of "ways, of which it is neces- 
sary to mention here only a few of the more impoiiant ones. We 
have: (i) Tectonic lakes ^ due to movements of the earth crust, 
whether warping or faulting, by w^hich basins, subsequently filled 
with water,, are formed. In this class might he included volcanic 
lakes, which occupy ancient craters. (2) Erosion lakeSf in basins 
which have been excavated by one or other of the erosive processes. 
In both of these classes the lakes occupy basins w^hich are below 
the general drainage level of the country. (3) Barrier lakes^ in 
which the water is retained by a built-up dam or barrier, such as a 
landslip, a lava stream, glacial moraines, a delta formed by a tribu- 
tary in the main stream, etc. Such lakes are frequently above the 
general drainage level. 

As compared with the sea, lake basins are but small and shallow, 
and, from the geological point of view% they are short-lived and 
ephemeral, because in course of time they are either drained by 
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the outlet’s cutting through the retaining barrier, or bv filling up 
with the sediment brought in by tributary streams. The material 
transported by the Mississippi, which would require 11,000,000 
years to fill the Gulf of Mexico, would fill the basin of Lake Su- 
perior in 66,000 years. (BarrelL) 

From another point of view we may speak of temporary and per- 
manent lakes, the former usually in arid climates. Such tempo- 
rary lakes are called play as and are formed occasionally or periodi- 
cally, according to the amount and distribution of the rainfall, 
but the distinction between playas and river (loods is rather arbi- 
trary, and hence playa deposits have already been described in con- 
nection witli flood plains. 

Lakes arc important places of sedimentary accumuJalion, for 
they act as settling basins and retain ail the sediment brought in 
by streams. However turbid the inflowing streams may be, the 
outlet is beautifully dear, as is exemplified very strikingly by tlie 
Rhone, which enters the Lake of Geneva a muddy stream and 
leaves it in a state of exquisite dearness and brilliancy. The 
Yellowstone and Niagara rivers are other examples of the Scime 
kind. Occasional exceptions to this rule may occur when a 
shore current washes some sediment into the outlet, as happens 
in Lake Huron and the St, Clair River. 

I. Fresh-water Lakes, a. Mechanical Deposits. The mechani- 
cal sediment which accumulates in a lake l)asin is of two kinds, 
(i) that ■which is brought in by tributary streams, and (2) that which 
the lake itself acquires by cutting back its shores; of these the 
former is much the greater in volume. Almost without exception, 
rivers entering lakes form deltas, which spread out fan-like f.nmi 
the stream mouths, and, if sufficiently numerous, may fringe the 
entire lake shore with delta deposits. Part of the materials will 
be distributed by waves and currents, but the coarser material 
remains to form the foreset beds, the inclination of which depends 
upon the depth of the lake at the stream mouth and upon the 
coarseness of the debris. If deposited in deep water, the beds 
may be inclined at a considerable angle; if in shallow water, 
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they form a very gradual slope. In small lakes the coales- 
cence of deltas, or the advance of a single one, will eventually fill 
up the basin, forming first swamps and then smooth, grassy mead- 
ows, throiighwvhich How the streams, keeping their own channels 
clear. Such filled-up lakes are common in many mountain valleys. 
In large lakes the process is, of course, much slower. 


Fig. ioi.-— Gravel beach, Luke Ontario. (U. S. G. S.) 


Away from the deltas the combined action of the waves and 
currents fringes the lake with coarse deposits of boulders, gravel, 
and sand, which form the beach, the sand extending some, dis- 
tance out into shallow water. In large Jakes the heavy surf 
cuts a terrace on the shore and the debris thus obtained builds 
out the terrace, which is therefore said to be cut and builtd^ 
A succession of terraces indicates the various levels of the water, 
for lakes are often subject to great fluctuations of level The finer 
materials are carried out into deeper water and deposited in succes- 
sive layers over the whole lake bottom, the finest materials in the 
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centre. The coarse and fine sediments grade into each other, 
dovetail and overlap, because in heavy storms, or when the streams 
are in fiood, the coarser sediments are carried farther out and de- 
posited on the fine, and these changes of material in any given 
vertical section, not too far from shore, may be often repeated. 
Special lines of accumulation for the coarse substances also occur 
in the form of shoals, spits, embankments, and the like. If the 
lake is subject to fluctuations of its level, with the water much 


Fig, 102, — Outlet of Lake Bonneville, Ulah. 


higher at one time than another, even more wide“Spread changes 
in the character of the deposits will occur. The deposits noW' form- 
ing in the great Laurentian lakes, which occupy a relatively small 
drainage basin and receive no large tributaries, are principally 
blue muds and clays, partly made up of kadlinite and partly of the 
debris of other minerals in an extremely fine state of subdivision) 
but not decomposed chemically. In Lake Superior the clay has 
generally a pinkish tinge. 

£ Owing to the way in which the materials are arranged, lake 
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Fig. 103. — Terraces of Lake Bonneville, Ulah. (U. S. G. S.) 

is an event geologically so recent, that its form and size, its shores 
and islands, its high and low stages, in short, its history, can be 
made out with great clearness, as has been admirably done by 
Mr. Gilbert of the United States Geological Survey. At its time 
of greatest extension. Lake Bonneville had an area of 19,750 
square miles and a maximum depth of 1050 feet, while SaltXakh 
(which is variable) had in 1869 an area of 2170 miles and an' 
extreme depth of 46 feet. Around the ancient shores are beauti* 






deposits betray the form of the basin in which they were laid 
down. Aiound the old shore line are masses of coarse materials, 
with deltas interspersed, to mark the mouths of streams, while 
towards the middle of the basin, quantities of fine mud and clay 
have accumulated. An excellent example of such a deserted lake 
basin is that known as Lake Bonneville in Utah, of which Salt 
Lake is the shrunken remnant. The drying up of this lake, which 
was once fresh and had an outlet northward to the Snake River, 
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fully preserved the terraces, embankments, and deltas of the various 
stages of water, with the gravels and sands appropidate to the shal- 
low water. The principal part of the basin is a level plain, filled to 
a great but unknown depth with beds of clay and marl (Fig. 104). 

In still more ancient lakes the terraces, embankments, and other 
shore features have been swept away hy the ]irocesses of denuda- 
tion, but the outline of the lake may frequently be reconstructed 
from the character of the deposits. 

/?. Chemical Deposits are not common, nor of much importance 
in fresh lakes. In a few, chemically precipitated carbonate of 
lime is found, and more abundant is limonite (2Fe20-,3 H3O). This 
is carried into the lake by streams that contain dissolved ferrous 
carbonate (FeCOa), which, becoming oxidized and hydrated, is no 
longer soluble, and accumulates on the bottom. In Sweden ores 
of this kind are dredged out of the lakes and employed as a source 
of iron; 

c* Organic Deposits are seldom important in large lakes, but 
often decidedly so in small ones. As we have already seen, peat 
often forms to such an extent as to choke up the lake and convert 
it into a bog. Siliceous accumulations are made on an extensive 
scale by the minute plants, diatoms, which thougli of microscopic 
size, yet multiply with extraordinary rapidity; their tests of trans- 
parent flint gather on many lake bottoms in a fine deposit, as 
white as flour, and variously called Tripoli or polishing powder, or 
infusorial earth. Calcareous accumulations are formed by the 
shells of fresh-water molluscs, often in masses of considerable 
thickness. The lower layers of this shell marl have generally been 
so much disintegrated by the water as to be without any obvious 
organic structure. Such marls are frequently found under peat 
bogs and indicate that the latter were originally lakes, and in the 
marl often occur the bones of extinct animals. 

2. Salt Lakes are especially characteristic of arid climates, in 
which the rainfall is light and evaporation great. They may be 
formed in either of two ways: (i) through the separation of bodies 
of water from the sea. This is exemplified by the Salton Sink in 
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the Colorado desert of southeastern California; the bottom of the 
Sink is considerably below sea level and has recently been con- 
verted into a lake by the influx of the Colorado River. Originally 
the Salton Sink was the head of the Gulf of California and old 
beaches, shell banks, etc., still remain to indicate this. The Colo- 
rado River, which enters the Gulf from the east some distance 
below the head, built its delta across the Gulf and thus cut off the 
apper portion into a salt lake, which subsequently^ disappeared by 
evaporation. Beds of salt, which demonstrate the lacustrine 
stage, occur in the Sink. (2) By the long-continued concentration 
of river water in basins that have no outlet, where the influx of 
water is disposed of by evaporation from the surface of the lake. 
In either case an arid climate is requisite to maintain the salinity; 
in a moist region the large rainfaU and slower evaporation would 
cause the lake to rise until it found an outlet, and then the water, 
if originally salt, would become fresh. The history of Lake Bonne- 
ville exemplifies the change from fresh to saline conditions. As long 
as the water level was maintained above the outlet, the lake was 
fresh, but when the advancing aridity of the climate diminished 
the rainfall and increased the rate of evaporation, the water level 
sank until it fell below the outlet. Then the lake became saline, 
reaching its maximum salinity in the intensely bitter waters of 
Sait Lake, which is the remnant of the large lake. 

All river water contains greater or less quantitie.s of dissolved sub- 
stances, and of these one of the commonest is ordinary salt (NaCI). 
When such waters are evaporated, the solids remain behind, and 
thus the water becomes more and more saline till it reaches satu- 
ration. The salt is, however; not entirely derived from the rivers, 
for salt is a very wide-spread constituent of desert soils and surfaces, 
..and in the Pampas of Argentina, salt crusts form repeatedly. Wind 
and rain thus bring into the lake quantities of salt in addition to 
that carried by the tributary streams. Other substances occur 
also, as will be seen below. 

. The mechanical deposits formed in salt lakes do not differ in 
any very important manner from those of fresh lakes. The finer 
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clays settle more rapidly in brine than in fresh water, which makes 
strongly saline lakes extraordinarily clear and limpid. The or- 
ganic deposits of salt lakes are practically nothing, for brackish 
water is not favourable to many organisms and in dense brines very 
few animals or plants can exist, and those that can are not the 
kinds which give rise to peat, or to siliceous or calcareous deposits. 
For the same reason, the deposits of whatever kind, laid down in 
salt lakes, are almost barren of fossils, except of land animals and 
plants, such as are washed into the lake by flooded streams. 

The chemical deposits are much the most interesting and char- 
acteristic of the accumulations gathered in salt lakes. These 
chemical precipitates differ much in the various lakes, according 
to the nature of the rocks which form the drainage basins, but 
while some of the substances are rare and restricted in extent, 
others are extremely common and wide-spread. Several changing 
factors combine to vary the order of precipitation of the salts, 
which is a highly complex process, but, in general, it follows the 
inverse order of solubility, the least soluble material being deposited 
first and the most soluble last. Comparatively little chemical 
reaction appears to take place in these lakes; the substances are, 
for the most part, thrown down merely by the evaporation of satu- 
rated solutions and are the same as those carried in very dilute solu- 
tions by the tributary springs and streams. If the precipitation of 
salts is slow and occasional, the chemically and mechanically 
formed deposits are mingled together; but if such precipitation be 
rapid, then thick and nearly pure masses of the salts are thrown 
down in their proper order, as the concentration by evaporation 
proceeds. 

The first substances to be deposited from solution are the car- 
bonate of lime and oxide of iron (CaCO^ and Fe 203 ), and in 
moderately saline lakes this is about the limit of precipitation. . 
These same materials are thrown down in fresh lakes also, and 
their deposition is principally due to the loss of the solvent COq. 
The ancient Lake Lahontan, which formerly occupied part of : ;; 
northwestern Nevada, was the seat of calcareous deposition on^a’ 
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magnificent scale, and every crag and island which its waters 
touched is sheathed in thick masses of calcareous sinter. Pyramid 
Lake, a remnant of Lahontan, has a remarkable island of cal- 
careous tufa; and Mono Lake, California, is famous for similar 
deposits, which have assumed curious and whimsical shapes. 

As the concentration of the lake Avaters proceeds, the next 
substance to be precipitated is gypsum (CaSO^, 2 ILO), Avhich, 


Fig, 105. — Island of calcareous tufii, Pyramid Lake, Nevada, (U. S, G. S.) 


though much more solulile than the carbonate of lime, is yet only 
sparingly so. After all the gypsum in solution has been thrown 
down, there follows a pause in the deposition, until a further stage 
of concentration has been reached, and then common salt is pre- 
cipitated, which deposition continues steadily as concentration 
proceeds, but at an advanced stage the salt is mingled with the 
sulphate of magnesia (MgS04), should that be present. The 
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highly soluble salts, such as the chlorides of magnesium and cal- 
cium (MgCla, CaClo), remain in solution until the water is com- 
pletely evaporated to dryness, hence they are rarely found in beds 
of rock sail; yet when they do occur, as at Slassfurt in Prussia, 
they are mingled with salt, which is thus precipitated till the very 
end of the process. 


Fig. io6, — Salt deposit, El Paso, Texas. (U. S. G. S.) 


Various circumstances may change the order of precipitation 
just given. In seasons of high water the flooded rivers dilute the 
waters of the lake, checking the chemical precipitation and, at the 
same time, increasing the mechanical deposition; thus beds of 
sand and mud are thrown down upon the beds of gypsum and 
salt, alternating with them, as the influx of fresh water or evapora- 
tion predominates. Changes of temperature also have an effect 
upon the order of precipitation. Thus, in cold weather, Salt Lake 
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washes up on its shores quantities of sulphate of soda (N'a2S04)j 
which is formed at low temperatures by the double decomposition 
of NaCi and MgS04. 

Besides the chemical deposits already mentioned, others occur 
on a smaller scale. On the western side of the Great Basin, in 
Nevada, California, and Oregon, are several lakes which contain 
large proportions of carbonate of soda, and in some of them the 


FIG. 107. -- Deposits in an alkali kike. (U. S. G. S.) 


concentration is sufficiently advanced to cause precipitation, 
while others form deposits of borax. 

Much the most abundant of the chemical deposits made in salt 
lakes are gypsum and rock salt, and the enormous scale on which 
the latter was formed in past ages of the world^s history is demon- 
strated by the vast bodies of rock salt which are found embedded 
in the rocks in so many parts of the world. Near Berlin, at Speren- 
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berg, an artesian well was sunk through such a deposit for nearly 
4000 feet, without reaching the bottom. In various regions of 
the United States, notably in New York and Kansas, large bodies 
of salt are found, but not on such a scale as in Europe. 

Salt bodies of such immense extent and thickness, with little or 
no interstratified, mechanically deposited material, are not ex- 
plained by the usual operations of a salt lake as above described. 
The key to the understanding of these enormous deposits of salt 
appears to be given by a gulf from the eastern part of the Caspian 
Sea, known as the Karibogas. This gulf, which is connected with 
the Caspian only by a very narrow channel, is situated in an ex- 
tremely hot and almost rainless region, and evaporation is very 
rapid. On the bottom masses of salt have been deposited unin- 
terruptedly for a long time past, and in a very deep or a slowly 
subsiding basin the process might continue almost without a limit. 

It should be noted that the chemical deposits made in salt lakes 
are crystalline and at the same time stratified. This association 
is not the usual one, as stratified rocks are ordinarily not crystal- 
line, and crystalline rocks are mostly unstratified, 

V. Ice Deposits 

Deposits made, directly or indirectly, by the agency of ice are 
very characteristic, and though some are formed on land and some 
under water, it is desirable to consider them together in a single 
section. The peculiar features of ice formations may be much 
obscured by the action of water, either at the time of their deposi- 
tion or at some subsequent period. Ice deposits play but a small 
part quantitatively in the construction of the earth’s crust, but the 
light which they throw upon changes of climate and similar ques- 
tions, lends them an unusual degree of interest. Only very re- 
cently has the great importance of the part played by glaciers in 
former ages of the earth’s history been appreciated. 

Glacial Deposits. — We have already learned that glaciers carry 
with them great masses of debris, either in the form of lateral 









and medial moraines upon their upper surfaces, or frozen in the 
interior of the ice, or pushed along beneath it. When the ice 
reaches the end of the glacier, where the rates of motion and 
melting balance each other, all the burden which it is transporting 
is deposited in a great mound or ridge, the /mw&a/ moraine. The 
terminal moraine is composed of material which was carried upon 
and within the ice and that which was pushed along beneath the 


Fig. io8. — Fluted ground moraine \ Columbia Glacier, Alaska. (U. S, G. S.) 


glacier. It is gradually built up around the end of the glacier and 
extends up along its sides so far as the conformation of the ground 
will permit the material to gather, and is thusmoreor less crescentic, 
with concave side directed upward. Moving ice does not sort the 
material which it carries, as flowing water does, because in a glacier 
there is no such definite relation between velocity and transporting 
power. Hence, the terminal moraine is unstraiified and is com- 
posed of materials of all sizes, from dust and sand up to great 
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boulders weighing hundreds of tons, all mingled together in con- 
fusion, In the case of a glacier which carries the principal part 
of its burden upon its upper surface, the terminal moraine is chiefly 
made up of angular blocks that have undergone little or no abrasion, 
together with earth, sand, gravel, and whatever kind of material 
tiie overhanging cliffs may have delivered to the moving ice. 
Mingled with these materials, however, will be found more or fewer 


Fig. IC9. — Glacial moraine, Montauk Point, L.I. (Photograph by B.i N* Mitchill) 


of the characteristically worn and grooved glacial pebbles and 
boulders, which have been dragged along under the ice, and scored 
and polished by the rocky bed. There will also be found some, at 
least, of the sand and fine rock flour which the glacier^s own move- 
ment produces and which have escaped the washing of the sub- 
glacial stream. , 

When a glacier is retreating, it may build up a new terminal 
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moraine at each point of arrested withdrawal, or if the retreat is 
gradual and steady, the ground in front of the ice will be covered 
with moraine material, spread out in a sheet, not heaped up in a 
moraine or mound. The retreat of the glacier may leave behind 
it isolated masses of ice deeply buried in the debris of the terminal 
moraine; when such masses melt, they form depressions in the 
mound and give rise to the kettle morainesd^ A shrinking glacier 


Fig. ho. Glacial pebble, (U. S. G. S.) 


will contract laterally and in depth, as well as longitudinally, and 
in this way the blocks of the lateral moraine will be left stranded at 
intervals over the former glacial bed. Such blocks and boulders 
are known as erratics , or perched blocks, and when their parent 
ledge can be discovered, it is easy to determine the distance to 
lyhich they have been carried. Sometimes a great boulder is 
lowered so gradually and gently by the retreating ice, that ,it is 
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Fig. jifl. — Kettle raotainei Alaska. 'CU. S; G. Si.) 
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‘IG. 113, — Perched block near the Yellowstone Cahon, National Park. (U. S. G. S.) 


pressure, or where the ice thins rapidly from melting. The ground 
moraine is not stratified, or but imperfectly so when deposited 
partly from water, and is of very different thickness in different 
places ; it consists of fine material containing boulders and peb- 
bles, many of which show the characteristic facetting and striae, 
;and is called iill^ or boulder clay. The general term for a sheet 
of glacial deposits is drift 


exactly balanced, and may be moved backward and forward by the 
hand. This is a rocking-stone/' though it must not be supposed 
that all rocking-stones are glacial (see p. 122), 

The ground moraine consists of the de]:)ris which is deposited 
underneath moving ice and that which is left from tlie bottom of a 
retreating glacier. Deposition beneath moving ice is much less 
in amount than erosion, Init may occur in areas sheltered from ice 
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Fig. 114. — Glacial drift, Bangor, Pa. (U, S. G. S.) 


Fig. 1IC5, — Glacial drift in Permian of South Africa, (Photograph by Rogers) 
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J. newaterdeposits which are made in the neighbourhood of and in 
association with a glacier, are also characteristic and should be no- 
ticed m this connection. The streams which flow beneath and from 
the foot of the glacier are loaded to their utmost capacity with debris 
and usually build up their beds by rapid deposition of the coarser 
sediment. Froin an alpine glacier this deposit, which is stratified 
iormss. valley train,'b\\t when the glacier ends, as do some of those in 
Iceland, uponamoreor less fliiisiH-fnrr. n ™ j.;.. • . ■ 


rjo,. IIO. — Olacio-fliivial deposits, Yalitse River, Aiaska. 

lesult. These accumulations may usually be dit 
ordinary river and flood plain deposits by their u 
into moraines and by the evidently glacial origin o: 
Eshers (or Asar) are long, winding ridges of gra 
ramify like the branches of a stream and were foi 
yhich flowed in channels upon or in tunnels 1 
^ivmes are hillocks, or short ridges of stratified 
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of the ice, and drumlhis are elliptical mounds of ground moraine, 
sometimes with some stratification, formed near the margin of the 
ice., „■ . , 

Very instructive examples of this combined action may be ob- 
served about the great Malaspina Glacier in Alaska. This Is an 
immense ice^sheet, with an area of 1500 square miles, which is 
formed at the foot of the St. Elias Alps by the contiuence of several 


Fig. 117. — Gravel flood plain of glacial stream, Alaska< 


great glaciers. All the outer borders of the glacier are covered 
with sheets of moraine matter, and upon the stagnant portion Pf this 
is a luxuriant growth of bushes, beneath which is a thickness of not 
less than 1000 feet of ice. About the margin of the ice-sheet, small 
lakes are formed, the water being held in place by the ice 
but these lakes are subject to great fluctuations, and often the|r 
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glacial deposits 


Fig. 120. — Drumlin near Newark, N.Y, 


blocking up their own openings from the ice, they likewise cause 
the^ depiosition of sand, gravel, and boulders within their tunnels, 
which, when the glacier retreats, will be left standing as eskers, 
while conical mounds, or kames, are built up where the streams 
burst frorn under tlie ice, and sometimes, owing to the great press- 
ure, rise like fountains. This kind of deposition is characteristic 
of retreating ice-sheets, such as theMalaspina; in advancing gla- 
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ciers denudation will prevail over deposition, or, if the advance 
be not so great as to sweep away all the previous accumulations, 
purely glacial deposits may be laid down upon the stratified fluvio- 
glaciai material. 

Iceberg Deposits, — When a glacier flows into tlic sea great 
masses are broken off from the foot and float away as icebergs. 
Icebergs are thus seen to be, as indeed they always are, derived 
from land ice and not from the freezing of sea- water. The ice- 


Fig. I2I, — Drift-covered surface of the Malaspina Glacier, Alaska. (U. S. G. S.) 


berg will, of course, carry with it whatever parts of the glacial 
debris are contained within or upon that particular fragment of the 
glacier, and drops this load over the sea-bottom, as the berg gradu- 
ally melts. As the Greenland icebergs sometimes drift as far south 
as the Azores, glacial boulders are scattered all over the bed of the 
North Atlantic, and thus we see how large blocks may be em- 
bedded in stratified deposits very far from the place where they 
were torn from their parent ledges. 
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Coast Ice Deposits. — In high latitudes with intensely cold 
winters, great fields of ice (the ice-foot) are formed by the freezing 
of sea-water along the shore. The ice-foot becomes loaded with 
great masses of rock, part of which is thrown down from over- 
hanging cliffs by the action of frost, part picked up from the shore- 
line by the ice forming around iL Tn summer the coast ice breaks 
up and floats away with its load of blocks and boulders, distributing 




Fig. 122, — River issuing from the Malaspina Glacier, Alaska, 
(U* S. G. S.) 


them over the sea-bottom just as icebergs do. In storms great 
masses of coast ice are often driven on the shore, where they may 
pile up to heights of fifty feet or more, carrying some of the boulders 
above the levels at which they were picked up. The coast of 
Labrador is covered for long distances with boulders thus trans-^ 
ported, as are many other Arctic shores. Great masses of rock 
are thus transported in the Baltic, and the divers report that in 
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the Copenhagen Sound the sunken wrecks of vessels are covered 
with ice-borne blocks. 


Climatic Relations of Continental Depos: 


This subject, though of great importance in deciphering the earth’s 
history, is extremely complex and can be but briefly outlined here. 


Deposit partly made by stranded iee, west coast of Greenland. 
(Photograph by Libbey) 


I. Polar Regions. — The activity of frost destruction in polar 
lands results in the accumulation of great talus masses of sharply 
angular blocks and fragments, while the low temperature, even of 
summer, is unfavourable to chemical decomposition of the rocks 
and the consequent formation of soil. River deposits are not ex- 
tensively formed, for rivers in the true polar lands are comparatively 
iew and small, while glacial accumulations, on the other hand, 
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assume great importance. Small lakes are frequently found among 
the moraines, but their deposits are not made on a large scale. On 
the other hand, peat is very largely accumulated in the illimitable 
“ tundras, or swamps, of the lower polar latitudes, the low tem- 
peratures retarding the work of decomposition. 

2. Temperate Regions. — The temperate regions are distin- 
guished from the tropics on the one hand, and the polar lands 
on the other, by their frequent and wide changes of temperature 
and by the very great variety of conditions which obtain. In 
temperate climates with normal rainfall, river deposits, and some- 
times lake deposits, assume the most important place, while glacial 
drift and moraines are local only and confined to mountain areas 
sufficiently high to extend above the snow-line. Such mountains 
are, in fact, extensions of polar lands into the temperate regions, 
and the deposits characteristic of the former accompany them. 
The temperate regions of pluvial climate are densely covered with 
vegetation, so that, except on sandy coasts, wind deposits are of 
small importance and the material laid down in the flood plains of 
rivers is not extensively sun-cracked, while vegetable accumula- 
tions are very extensively formed in swamps and bogs, especially 
in the cooler and moister parts. Pluvial climates, again, are 
highly favourable to the decomposition of the rocks and the for- 
mation of deep soils which are prevailingly brown in colour from 
the presence of hydrated iron oxide, or limonite. 

In the semi-arid parts of the temperate regions wind-made 
accumulations of loess are developed very extensively, and in the 
more arid parts, river and playa and salt lake deposits become con- 
spicuous. Sun cracks are highly characteristic of playa muds 
and around the margins of fluctuating salt lakes. 

3. The Desert Zones. — In both the northern and southern 
hemispheres, between the temperate and tropical regions, is an 
irregular belt of desert, encircling the earth. The deserts are not 
entirely rainless, but so nearly so that they have no drainage out- 
let. The Nile and the Colorado flow across deserts, but their 
sources lie outside of the desert zone, and water plays but a subor- 
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! diiiate part in desert accumulations. Talus masses, due to the 
I rapid changes of temperature, are very common in true deserts, 

[ where all the mountains rise like islands out of an almost flat 
sea of talus’’ (Waither). sand is, of course, very 

characteristic of deserts, which lies in chains of dunes, instead of 
with a level surface; the sand grains are small, rounded and 
I polished by attrition, often fractured by the sun’s heat, and pre- 

vailingly of a more or less reddish colour. Salt lakes can exist only 
I in arid climates, so that salt and gypsum are among the most char- 

I acteristic of desert deposits. 

I 4. The Tropics have a constantly high temperature wdth but 

I small daily or seasonal range, and a very heavy rainfall, which, 

I however, is usually confined to a part of the year. Chemical 

decomposition is thus very , active and complete, and the soil accu- 
mulates to great depths. Especially characteristic of the tropics 
is laterite (see p. 104) , the red colour of which tinges the river silts. 
Where the topography is favourable to such accumulations, enor- 
mous masses of river deposits are formed, as in the interior basins 
of South America, while the alternating wet and dry seasons, by 
reversing the movement of water in the soil, occiision the concen- 
tratiori and deposition at the surface of iron and limestone. 
Despite the great luxuriance of tropical vegetation, the climate is 
much less favourable to the formation of j.)eal than is that of cooler 
latitudes, because of the raf)idity and completeness of decomposi- 
tion. It is almost needless to say that the climatic 2:ones pass into 
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RECOHSTRUCTIVE PROCESSES. MARINE AND 
ESTUARINE DEPOSITS 


B. MARINE DEPOSITS ; 

' ■ ■ ■ . '■ ■ 

The sea is the great theatre of sedimentary accumulation, arid 

rocks of marine origin form the larger part of the [jrescnt land sur- 
faces, Important as other classes of deposits may be, they are 
less so than those laid down in the ocean and the waters imme- 
diately connected with it. There is great variety in the sedimen- 
tary deposits made in the sea, which change in accordance with 
climate, the depth of water, the nature of the coast rocks, the force 
of winds and tides, and the iiearness or remoteness of the mouths 
of rivers and, in a very important degree, with the elevation and 
relief of the adjoining land masses; very different materials are 
supplied by bold and rocky shores from those derived from flat, 
sandy coasts. Large land-locked seas, like the Gulf of Mexico 
and the Mediterranean, again, have deposits more or less different 
from those of the ojjcn ocean, a difference which is largely due to 
the absence or insignificance of the tide, and the reduced force of 
the waves. 

It is important to remember that the actual line of meeting of 
sea and land is not the structural margin of the continent, for the 
water may cover a broad submerged shelf of the latter. For loo 
miles east from the coast of New Jersey the water deepens very 
gradually to the loo-fathom line, whence it shelves very steeply 
to the p>rofound oceanic abyss. Shoal water, less than loo fathoms 
deep, surrounds all coasts, sometimes as a narrow belt, again as a 
very broad zone. The transition from shoal water to the deep sea 
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is by steep slopes, with well-defined upper margin or edge; as a 
rule, these steep slopes of the continental mass begin at the loo- 
fathom line, but there are frequent departures from this rule. 
For example, in the Gulf of Guinea the steep descent begins at the 
40-fathom line, while off the west coast of Ireland the descent is 
gradual almost to a depth of 200 fathoms and then becomes steep. 
The bed of the Atlantic off the Carolinas displays no welbmarked 


Fig. 124. — Basin of the Gulf of Mexico, showing the submerged margin of 
the continental platform and the steep descent of the bottom at the 100- 
fathom line. Vertical scale much exaggerated. (From a model by the 
U. S. Coast Survey) 

edge of the continental shelf. The ocean thus fills its own bawSin 
and overflows the margins of the continental platforms to a greater 
or less extent; this submerged shelf constitutes the shallow sea 
(Fig. 124). 

Marine deposits may be classified primarily in accordance with 
the depth of water in which they were laid down, one of the most 
valuable guidCwS to the history of ancient rocks, and secondarily in 
accordance with the nature of the material of which they are com- 
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posed, aM the processes by which they ivere accumulated. The 
following table gives, in a somewhat modified form, the classifica- 
tion of Murray and Renard, founded upon the great collections of 
modern marine deposits made by the “ Challenger ” expedition. 

Marine Deposits 

1. Littoral Deposits, 

between high and 
low water marks. 

2 . vShoal-water Deposits, 

between low-water 
mark and loo fath- 
oms. 

3. Aktian Deposits, laid 

down on the conti- 
nental slope. 


4. Abysmal Deposits, 
laid down on the < 
ocean iloor. 


The material brought into, the sea by rivers, or washed from the 
shore by waves, is partly mechanically suspended and partly in a 
state of solution; the former is deposited when the water is no 
longer able to transport it., while some of the latter is extracted 
by animals and plants, and some remains permanently dissolved. 
The sorting power of the water arranges the mechanically borne 
sediments according to the coarseness and fineness of their con- 
stituent particles, at the same time separating them according to 
their mineralogical composition, a separation which is usually 
imperfect, but sometimes very complete Marine deposits are 
thus typically stratified, though when deposition continues long 


i Sands, Gravels, Muds, 
etc. 

Sands, Gravels, .Muds, 
Calcareous Accumu- 
lations, etc. 

Coral Mud. 

Volcanic Mud. 

Green Mud and Sand. 
Blue Mud. 

Red Mud. 

Calcareous Deposits. 

T'oraminiferal Ooze, 
Pteropod Ooze. 
Diatom Ooze. 
Radiolarian Ooze. 
Oceanic Red Clav* 


I. Terrigenous De- 
posits, material 
derived from the 
land in sus- 
pension (except 
the calcareous 
masses). 


II. Pelagic Deposits, 
formed in deep 
water far re- 
moved from land. 
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and uninterruptedly, thick masses, not obviously divided into layers, 
may be accumulated, but this is exceptional in those parts of the 
sea where deposition is most rapid. 

I. Littoral Deposits are laid down between low and high-water 
marks, and by heavy storms and exceptional tides, somewhat 
above the^e^m^. Thus, the accumulations of this class grade into 
continental deposits on one side and into those of the shallow sea, 


Fig. 125. — Gravel beach and wall, Conception Ba>\ Newfoundland. (U. S. (IS,) 


on the other, and are themselves alternately covered with water 
and exposed to the sun and wind. The material of the littoral 
beds varies much on different coasts; on rocky shores boulders, 
coarse shingle and gravel form the beach, but gravel and more par- 
ticularlysand are the most widely distributed. Boulders and shingle 
may be composed of any kind of hard rock, but as the process of 
attrition continues, the greater hardness of quartz has its effect, 
io that gravel and sand generally consist of that mineral, the softer 
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minerals being ground into line particles and swept out iiila deeper 
water. Locally, sand of other composition occurs, as, for exa m- 
ple, around the Bay of Naples sands of olivine, felspar and other 
volcanic minerals, are found. 

The waves cast material upon the beach, throwing the coarsest 
parts up in storms as a beach wall or embankment, above their 
ordinary reach, while the undertow carries back the finer particles, 
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Fig. 126. — Gravel beach, Long Island, N.Y. (U. S. G. S.) 


thus washing the sands and gravels clean of other minerals. Even 
in the littoral belt, fine sand and mud may gather in sheltered 
spots, but the material is preponderatingly coarse. At any given- 
time the littoral is a narrow belt, measuring at present about 62,000 
square miles, but its breadth at a particular place depends upon the 
amount of tidal rise and fall, and the slope of the bottom. 
stationary coast, or one where accumulation is more rapid th^U; 
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sinking, littoral deposits may form a broad area by building out the 
land at the expense of the sea. When sinking and building are 
about equal, great thicknesses of littoral beds may be formed. 
Aside from the coarseness of the material, littoral deposits are 
apt to retain certain characteristic marks of their exceptional mode 
of formation. Ripple Marks are formed by the wind, or by the 
rippling movement of water, and may be seen on any sandy beach ; 
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zone. Rill Marks also are peculiar to littoral deposits and are 
made by the excavating action of rills of water trickling over the 
sand or mud, as the tide ebbs. Sun Cracks (also called mud cracks 
and shrinkage cracks) are formed where flats of fine mud or silt 
exposed to the drying action of the sun, harden and crack in 


Fig, 128.^ — Ripple-marked sandstone. (U. S. G. S.) 


more or less regular patterns. As we have already learned, such 
cracks form, over vast areas of flood-plain and playa deposits, 
and the littoral are the only truly marine deposits -which display 
them, though on a limited scale. They do not form in the clean 
sands and gravels which make up the greater part of littoral sedi- 
ment, but only in fine silt, and in pluvial climates probably only in 
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I» - Steeply inclined beds of ripple-marked shale 

(U. S. G. S.) 


near Altoona, Pa. 
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Rain Prints ’are little pit-Hke marks made by light showers*, 
the prints are circular where the raindrops fall vertically, or oval 
and with edge raised on one side where the rain fails obliquely 
before the wind, lyacks of Land Animals are made by the anb 
mals walking upon the soft sediment, which is yet fine enough to 
retain the footprints and is afterwards hardened by exposure to the 
sun and air. Rain prints and footprints are not so common in 


Fig, 130. — Wave mark and rain prints, modern sandy beach. (U. S. G, S.). 


littoral deposits as in those of flood plains and playas, but where 
they do occur in rocks which contain marine fossils, they prove 
the littoral origin of those rocks, for only in the littoral ^one can 
such marks be made. 

It might seem incredible that such slight marks could be pre- 
served for ages in the solid rocks, were it not for the fact that 
we actually find them so often. The explanation is that surface 
which are capable of preserving these marks are those of accur 
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mulation and that each layer with its marks is hardened by the snn 
and wind before the next layer is deposited upon it. 

Climatic differences are not well marked in the littoral zone, the 
character of which is chiefly determined by the elevation and topog- 
raphy of the adjoining land. Only in the polar regions is a special 
character given to the littoral by the activity of frost and coast ice, 
so that block and boulder beaches are more common, and sandy 
beaches less frequent than elsewhere. 
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shore, but parallel with it, and tend to simplify the coast-line by 
building barriers and spits across the mouths of bays, which the 


Fig, 132. — Sun cracks in limestone, Rondout, N.Y. (Photograph by van Ingen) 


waves may pile up above high tide, as is seen all along the eastern 
coast of the United States* Behind these barriers streams bring 
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in sediments, filling up the bays and converting them into salt 
marshes and eventuali}^ into to 
While gravel and, in sheltered or deeper spots, mud are found 
in the shallow sea, the most abundant and characteristic material 
of this zone is quartz sand. If the bottom shelves very gradually 
and the continental margin is far from land, the sand will extend 
loo to 150 miles out, growing finer and finer with the increasing 


Fig, 133. — CrosS'bedded sands, Bennett, Nebraslca. (U, S, G. S.) 


depth of water. Further, the sand travels along the shore for long 
distances from its place of origin, as on the Atlantic coast of Florida, 
where there is a belt of* siliceous sand that cannot have been de- 
rived from the peninsula., 

Throughout the whole of the shoal-water zone wave action is 
exerted upon the liottom, though to a very insignificant extent in 
, the deeper parts. Very near shore currents produce irregularities 
I' y. 0 i stratification, especially the structure knowm as cross bedding 
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(also called current or false bedding) in which the separate layers 
are inclined at a considerable angle to the horizontal (See Figs. 
T33-4 and Frontispiece.) This structure is due to the heaping up 
of bars and ridges on the sheltered side of which sand or gravel is 
dropped in inclined layers. Frequently we find horizontal strata 
built up of inclined layers, the latter all truncated by a horizontal 
bedding plane. Cross bedding occurs in shoal water of all kinds, 
the sea, lakes, and rivers, wherever the bottom is frequently stirred 


Fig. 134. — Cross-bedded sandstones, Arizona, (U. S. G. S.) 


Up by currents, and the foreset beds of deltas are a typical exam- 
ple of it. In the rocks it is most frequently observed in consoli- 
dated sands and gravels, which are called respectively sandstones 
and conglomerates. Ripple marks are also extremely common in 
deposits of the shoal-watcr zone and tx*acks of marine animals 5 
tracks of land animals and sun cracks are of course ^vanting. 

Much less widespread than sand or gravel on the bottom of the 
shallow sea is mud or clay. When these occur, their presence may 
be due either to holes and depressions, where the bottom watef^ 
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is less disturbed and therefore deposits finer material, 
supply from the neighbouring land. For example, j 
gular patch of clay invades the sand area south of I 
and mud-holes are found along the New Jersey co 
entrance to New York Bay. 


Fig. 135. — Markings by marine worms, modern 
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ing the water, fine sediment will be thrown down upon coarse, 
while, if the rate of deposition and subsidence be nearly equal, 
the coarser material will form long, narrow bands, running parallel 
with the coast. Thus, in the same vertical line may be accumulated 
many different kinds of sediment, corresponding to the different 
depths of water at the same spot. When traced laterally, beds 
of any given kind of material will eventually give way to those of 
another kind, either by gradual transition, or by thinning to an edge 
and dovetailing with the thin edges of the other beds. The dove- 
tailed structure is caused by shifting conditions, a succession of 
heavy storms sweeping coarser material out to unusual depths, 
and long periods of calm occasioning the deposition of fine sedi- 
ment unusually near shore. 




Fig. 136. — Diagram showing dove-tailed deposition on the sea-floor 

Organic deposits are much less common in shallow water than 
are the terrigenous, and yet under favourable conditions they are 
developed on a very extensive scale. The most important of such 
conditions is an abundant supply of food. Even in the far North 
limestone accumulations are formed, but this work is most exten- 
sively done in the warm waters of tropical and subtropical seas. 
The sea is constantly receiving from the land materials in solution, 
of which the most important are the carbonate and sulphate o\ 
lime. Many classes of marine animals extract tlie CaCOafrom the 
sea-water and form it into hard parts, either as external shells and 
tests, or as internal skeletons. There is also good reason to believe 
that some, , at least, of these organisms are able to convert the sul- 
phate into the carbonate. 
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The classes of marine organisms which at present or in times 
past have played the most important part in the accumulation of 
calcareous material are: the Foraminifera, Corals, .Echinoderms, 
and Molluscs; but other groups, such as Bryozoa, worms and 
calcareous* seaweeds, contribute extensively to the same result. 
The Foraminifera do not accumulate with sufficient rapidity to add 
largely to the calcareous deposits of shallow water, and will there- 
fore be considered in connection with the deep-sea formations. 


Mollusca. — The ordinary shell-fish (Mollusca) supply a very 
large amount of calcareous material for the formation of shallow- 



water limestones, especially in the neighbourhood of the coasts, 
and are found in warm, temperate, and. even in Arctic seas. The 
shells accumulate in great banks, frequently, though not always, 
mingled with more or less sand and mud, and when gathered below 
the limit of violent wave action, they are entire, embedded in finer 
material, which may be calcareous or not. More commonly the 
shells are ground by the waves into fragments, making shell sand 
and mud, which is then cemented into a more or less compact mass. 
The coquina rock of Florida is an example of a recently made 
shall limestone (though it is forming no longer), and among the 
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rocks of the earth’s crust are many immense limestones which wei*e 
accumulated in this way. In the formation of shell-banks car'^ 
nivorous Crustacea and fishes play an important part, for they grind 
up even quite thick shells and produce an angular calcareous sand, 
which may be deposited by itself, or constitutes the finer material 
in -which the entire shells are embedded. The shell-banks thus 
form lens-shaped limestone masses of greater or less extent and 
thickness, which are intercalated in areas of terrigenous sediment, 
more particularly of sand. 

Echinodennata, — This group of marine animals, which includes 
the starfishes, sea-urchins, crinoids or sea-lilies, etc., is made up 
of forms which ail secrete skeletons of calcareous plates, and 
which contribute largely to the formation of marine limestonevS. 
At the present day, liowcver, they seldom build up any extensive 
masses unassisted, but in former ages of the world’s history they 
did so on a great scale. This is particularly true of the crinoids 
(sea-lilies or feather-stars), which have now become comparatively 
rare, but many ancient limestones are composed almost entirely of 
their remains, and especially of their hard and heavy stems* 

Limestone Banks, — In favourable situations immense subma- 
rine plateaus or banks arc built up in shallow waters by the accu- 
mulated remains of all sorts of lime-secreting animals, corals, 
echinoderms, molluscs, worms, and Foraminifera. These are well 
exemplified in the Gulf of Mexico and the Caribbean Sea by the 
great banks along the west coast of Florida, the Yucatan Bank, and 
the plateau which extends from the coast of Nicaragua almost to 
Jamaica. On these banks the luxuriance and fulness of life are 
astonishing, myriads of animals flourishing in the warm waters, 
and abundantly supplied with food by the great ocean currents 
which .sweep over the banks. Innumerable molluscs, echinoderms, 
and calcareous worms are continually dying and. adding their hard 
parts to the sea-floor; the waves and tides sweep calcareous sand 
and mud from the coral reefs over the flats, and all of these masses 
are rapidty consolidated into rock. 

An example of a limestone bank in moderately deep water is 


26o 


MARINE DEPOSITS 


the Pourtales Plateaiij which extends southward from the Florida 
Keys, and is covered by 90 to 300 fathoms of water. The bot- 
tom is rocky, rather rough, and consists of a recent limestone, 
continually, though slowly increasing from the accumulation of the 
' calcareoiis debris of the numerous small corals, echinoderms, and 
molluscs, living on its surface. These debris are consolidated by 
tubes of serpiilm; the interstices are Idled up by Foraminifera and 
further smoothed over by nullipores. — The region of this recent 
limestone ceases at a depth varying from 250 to 350 fathoms, 
and beyond it comes the trough of the straits.” (A. Agassiz.) 












Fig* 138. — Rock from the Pourtales Plateau, (A. Agassiz) 

It is not known how thick these modern limestone banks are, 
but some indication of their thickness is given by the raised terrace 
of modern limestone in northern Yucatan, composed of the same 
species of animals as still abound in the adjoining seas. In this 
rock are caverns more than 400 feet deep, which do not reach the 
bottom of the mass. 

Corals, — The animals of this group show great variety of form, 
size, and habit of growth, and by no means all of them are impor- 
tant as rock-makers. The solitary corals, which are widely dis- 
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tribiited, even in the deep sea, are never sufficiently abundant to 
form deposits by themselves. The corals which do accumulate 
in great masses and are called “ reef-builders,” form compound 
colonies or stocks, consisting of hundreds and thousands of indi- 
viduals. The adult corals are sedentary, but the newly hatched 
young are worm-like, free-swimming larvas. When the young 
animal has established itself in a suitable place, preferably upon a 
rock or other fixed foundation, it develops into a or fleshy 

sack, with rows of tentacles around the mouth, and then by budding 
or partial di\dsion gives rise to great numbers of other 

polyps, which are connected by a tissue common to them 
all In this compound mass is secreted a skeleton of carbonate 
of lime, which reproduces the form of the colony and, in most cases, 
displays cells for the individual polyps. The great variety of form 
shown by these compound colonies is determined by the mode of 
budding or fission and the relative position of the newer to the 
older polyps. Thus, some are like trees, others like bushes; 
some form flat, irregular plates, while others grow into great 
dome-like masses. 

The reef corals have, at present, a restricted distribution, and 
can flourish only where several favourable conditions are found 
united. They are preeminently shallow- water animals and can live 
only in depths of less than twenty fathoms. They also require a 
high temperature, and they cease wherever the average tempera- 
ture of the water for the coldest month is below 68"^ F,; this is the 
minimum, and for full luxuriance a higher temperature is neces- 
sary. Another requisite is sea -water of full salinity and uncontami- 
nated with mud; hence, few corals can live at the mouth of a river, 
which, even if it brings down no sediment, freshens the water and 
is thus fatal to the polyps. Another condition favourable to the 
growth of corals is the presence of ocean currents, not too rapid, 
which bring abundant supplies of food, and they flourish best in 
the broken waters of heavy surf, which gives the necessary oxygen 
and prevents the smothering of the polyps in the calcareous silt 
and debris of the reef. In short, the reef corals are tropical, 
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marine, shallow-water animals, and their reefs are widely spread 
throughout the warmer seas of the globe, but they do not always 
occur wdiere we should naturally expect to find them. 

A coral reef is not built, as many people imagine, by the indus- 
try of the polyps — these furnish the material by extracting lime 
salts from the water and forming solid skeletons; the actual 
construction is largely the work of the waves and other agencies. 


Fig, 139. — Corals on the Great Barrier Reef of Australia, (Savile Kent) 


The coral colonies are scattered over the sea-bottom, much like 
vegetation on the land, scantily in some places, thickly in others, 
and in still others they are absent, The waves, especially in storms, 
break up the masses of coral, which are much weakened by the 
borings of many kinds of marine animals, and the surf grinds them 
down to fragments of all sizes, from large blocks to the finest and 
most impalpable mud. The process is the same as with the ordi- 
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nary rocks of the coast, only the material differ 
formed boulders, pebbles, sand and mud,: all of c 
The many animals which feed upon coral great! 
work, partly by boring into the masses, partly ! 


Pig. 14a — Various forms of modern coral limestone. (Savile Kent) 

smaller fragments into fine powder. Considerable masses of cal- 
careous ddbris are added by the shells and tests of the various 
animals which live on and about the reef, and the coral-like sea- 
weeds, called Nidlipores, contribute an important quota, while 
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shell sand often makes up as much as one-half of the volume of a 
reef. All of this material is ceaselessly ground up by the waves, 
distributed by tides and currents, and brought to rest in quiet 
waters, A single deposit of two or three inches in thickness has 
been observed to form between tides after a gale along the Florida 
reefs, and in storms the water is often discoloured and turbid for 
miles around the reef. The sea-w^ater dissolves and redeposits 
CaCOft, cementing the fragments into a firm rock, wdiich, especially 
after exposure to the air, may become very hard. 

By these processes several varieties of rock are formed, corre- 
sponding, in all but the material, to the ordinary marine deposits. 
In one form the standing and unbroken colonies are filled up with 
calcareous debris and enclosed in solid masses. This is perhaps 
the most important kind of rock, at all events, in many reefs, for 
the branching corals retain the shell sand and other calcareous de- 
bris and prevent the waves from washing it away. Reefs of this 
kind have many and deep holes penetrating them, w'here the col- 
onies are not in contact and the sand has not filled up the inter- 
spaces, Coral conglomerate or breccia is a cemented mass of 
coral pebbles or angular pieces, or is made up of fragments of an 
older coral rock. Reef rock is the dense and solid mass formed 
by the cementing of the finer debris which accumulates in quiet 
water* It is important to notice that even under the microscope 
reef rock fiequently shows no trace of organic structure, and is a 
definite proof that the absence of such structure is not a sufficient 
reason for denying the organic origin of a rock. The interior of 
growing masses which are still alive on the outside, and have never 
been broken up, may be so crystallized by the action of the sea- 
water that the organic structure is obscured or destroyed. On the 
beach is formed a curious rock called ooWe^ which is made up of 
minute spherules of CaCOg cemented into a mass not unlike fish- 
roe in appearance. This is due to the deposition of CaCO^ from 
solution around tiny grains of calcareous sand, until the spherules 
are built up and cemented together. 

The growth of coral ceases when the reef extends up a little above 
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low-water mark, but the waves continue their work and throw up 
debris and build up a platform, upon which they establish a beach 
of calcareous sand. The latter may be further piled up by the 
winds into dunes and solidified by the cementing action of per- 
colating rain-water. According to circumstances, the plat- 
form may be an extension of the shore or an island like the Florida 
Keys. 

Coral reefs arc classed according to their relation to the shore, 
and are of three kinds, (i) Fringing reefs are those attached 
directly to the land, though the exposed part may be at some dis- 
tance out from the shore and separated from it by a shallow channel 
with coral bottom. The width of a fringing reef is determined by 
the slo|)e of the sea-bottom, being narrower on a steep grade, 
broader on a gentle one. (2) Barrier reefs are farther out from 
shore, to which the reef is parallel in a general way, and separated 
by a broad and often quite deep channel. The distinction between 
the tw^o kinds of reefs is not very sharply drawn, for the same reef 
may be fringing in parts of its course and a barrier in others. Even 
at the present time barrier reefs are sometimes constructed on an 
enormous scale. A great barrier reef runs parallel to nearly the 
whole north shore of Cuba, while the barrier reef of Australia, the 
largest known, extends, with some breaks, for over 1200 miles 
along the northeast coast of Australia, from which it is distant 
20 to 80 miles; its breadth varies from 10 to 90 miles, though but 
little of this width is exposed above water; its sea-face is in some 
places more than 1800 feet high (-f.e. above the sea-bottom, not the 
surface). (3) Atolls are coral islands of irregularly circular shape, 
wdiich usually enclose a central lagoon , and frequently, as in the 
Pacific, rise from the profoundest depths. The way in which such 
islands have been built up is still a subject of much controversy. 
No doubt, atolls have been formed in various ways, especially those 
which arise from small depths, but probably the most important 
method is by a slow subsidence of the sea-bottom, with which 
the growdh of the reef can keep pace. Such subsidence is the only 
explanation of great thicknesses of coral rock, as of any other kind 
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of shoal- water deposits. Borings in the Hawaiian Islands, 
and especially in Funafuti, an island of the South Pacific, have 
demonstrated the existence of immensely thick coral limestones 
formed in the modern period. 

Coral reefs in shoal water frequently have gentle slopes, but those 
which rise from the deep sea have very steep faces, sometimes 
as much as 65°, and thus reefs may occur as lens-shaped areas, or 
steep-sided masses of limestone, in which stratification is very 
obscure, or absent, in the midst of w’^eii-stratified fragmental sedi- 
ments. 

DolomiHzation, — A process has been observed in the closed 
lagoons of certain atolls which is significant as throwing light upon 
a very difficult problem, that of the formation of dolomite or 
magnesian limestone. In the closed lagoon, shut off entirely 
from the sea, the isolated body of sea- water becomes con- 
siderably concentrated by evaporation. All sea-water contains 
chloride of magnesium (MgCla), and this percolating into the coral 
rock, by double decomposition with CaCO^, forms MgCOg. The 
change occurs more readily wdien the CaCOa is in the form of 
aragonite, as is the case in many shells and corals. 

Chemical Deposits. — It is not known just how important a part 
is played by chemical precipitation in the formation of marine 
deposits, but probably a greater one than has been generally sup- 
posed. Rivers which bring in quantities of CaCOa in solution 
may so overload the sea with this substance (for sea-water will 
dissolve little of it) that more or less is precipitated in the neigh- 
bourhood of the land. On the coast of Asia Minor, for example, 
are large areas of sandstone and conglomerate, formed within re- 
cent times by the precipitation of CaCOg in masses of sand and 
gravel, binding them into hard rock. Similar examples are known 
elsewhere. There is also some reason to believe that the decay of 
marine animals evolves sufficient carbonate of ammonia to con- 
vert the sulphate of lime into the carbonate by double decompo- 
sition, and to precipitate the latter in some quantity. 

3^ Aktian Deposits. — The loo-fathom line is by Murray and 
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ReBard regarded as the boundary between shallow and deep 
water, for it generally marks the edge of the continental shelf, 
from which the bottom rises very gently to the land, but slopes 
abruptly down to the oceanic depression. The great bulk of 
the material derived from the waste of the land is thrown down 
upon the continental shelf, within the loo-fathom line, but the 
finer particles are carried farther out and subside in deeper and 
quieter water. A considerable quantity of the finest sedimentary 
particles remains long suspended in sea-water, especially in the 
cold water of the polar seas. On the continental slopes, extend- 
ing from the loo-fathom line to the bottom of the great oceanic 
abysses, are laid down most of the very fine materials derived from 
the land, which are grouped together under the somewhat indefi- 
nite term, mud. Mud is a mixture of minerals in a state of extremely 
fine mechanical subdivision, but not chemically decomposed, thus 
differing from clay. 

(i) Blue Mud, “—The materials of this deposit, which are 
principally, though not altogether, derived from the land, are very 
heterogeneous. Quartz grains in an excessively fine state of sub- 
division are very abundant; clay is often a considerable ingredient, 
and then the mud is plastic when wet, but it is usually more earthy 
than clay-like. Minute particles of other terrigenous minerals, 
like felspar, hornblende, augite, etc., are common. CaCOa is al- 
most always present, averaging 7%, and in some instances rising to 
25 %; this is due chiefiy to the foraminiferal shells, both of those 
species which live at the surface and those which live on the bottom. 
Siliceous organisms are also present to the average amount of 3 %, 
and are principally diatoms, radiolarians, and spicules of sponges. 
Glauconite is found in nearly all the samples. The blue colour 
of this mud is due to the sulphide of iron and the organic matter 
which prevents the oxidation of the sulphide. Of the terrigenous 
deep-sea deposits blue mud is the most extensively developed; 
it is estimated as covering 14,500,000 square miles of the sea- 
bottom, and surrounds almost all coasts, and fills enclosed basins 
like the Mediterranean and even the Arctic Ocean'. The depths 
at which blue mud is found range from 125 to 2S00 fathoms. 
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(2) Red Mud is a local development, which occurs principally 
upon the Atlantic coast of Brazil, and in the Yellow Sea of China. 
Silt of this character, the red colour of which is due to Fe203, con- 
tained in laterite, is brought down in large quantities by the Ama- 
zon and the Orinoco. Foraminiferal shells are abundant; radio- 
larians very rare. Probably a more minute examination of the 
continental slopes will show that red mud has a wider distribution 
in tropical seas than is here indicated. 

(3) Green Mud is much the same in character as the blue mud, 
but owes its green colour to the higher percentage of glauconite 
which it contains. 

(4) Green Sand is granular in appearance, and is made up 
largely of grains of glauconite and casts in that material of the 
interior of foraminiferal shells, together with nearly 50 % of CaCOs. 
The green sands occur in shallower water than the muds, and often 
within the loo-fathom line, as in the case of a deposit of this kind 
which is now forming off the coast of Georgia and the Carolinas. 
The estimated area of the green muds and sands is 1,000,000 
square miles. 

(5) Volcanic Mtids. — In the deeper water surrounding vol- 
canic islands are deposits of fine mud made from the disintegra- 
tion of volcanic rocks, mixed with considerable clay, and also 
calcareous matter derived from organisms. 

4. The Abysmal Deposits are those the materials of which are 
not directly derived from the land, but consist of matters carried 
to the sea in solution and extracted from the sea-water by the 
agency of organisms, together with volcanic substances in a more 
or less advanced stage of decomposition. Only rarely are terrige- 
nous materials found in these deposits, as, for example, off the 
west coast of Africa, where fine sand, carried by the wind from the 
Sahara, is found in deep water, and ice-borne fragments are com- 
mon in high latitudes. The pelagic deposits are found far from 
land, mostly in the deepest oceanic abysses, where the rate of 
accumulation is almost inconceivably slow, and the remains of 
extinct animals still lie exposed upon the ocean floor. 
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(i) Foraminijeral Ooze, ---Tht Yommim are minute ani- 
mals, each one a tiny speck of jelly, most of which, in spite of their 
extreme simplicity of structure, have the power of secreting very 
beautiful and complex shells of CaCOg. The species which are 
of importance in this connection are those which live in infinite 
multitudes at the surface of the ocean, and the most abundant at 
the present time are those which belong to the genus Glohigerhut,. 
whence this deposit is frequently called Globigerina ooze. These 
surface Foraminifera flourish best in warm water and follow the 
warm currents, often into quite high latitudes. Their shells, which 



Fjg. X43. — Foramimfeml ooze, x 20. (Agassiz after Murray and Renard) 

drop to the bottom as the occupants die, are present in almost all 
marine deposits, but near land the terrigenous materials prepon- 
derate to such a degree that the Foraminifera make up but a slight 
proportion of the deposit. In deeper water, where the wash from 
the land does not come, the foraminiferal shells become relatively 
much more abundant, and when 30 % or more of a given sample 
of the bottom consists of them, it is classed as a foraminiferal ooze. 
Other organisms which secrete calcareous shells or tests always 
contribute more or less to these oozes (coral mud, echinoderms, 
molluscs, nullipores, etc.). The deposit is purest and most 
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typical in the medium depths of the ocean, far from any land; in 
such places the ooze may contain as much as 90 % CaCOs and is 
white, while nearer land the slight admixture of terrigenous miner- 
als gives a pink, gray, brown, or other colour to the mass. Eelow 
the depth of 2500 fathoms the proportion of CaC03 becomes much 
diminished, owing to the increasing percentage of CO2 in the sea- 
w^ater, which attacks and dissolves these delicate shells. 

The foraminiferal oozes have a vast geographical extent, esti- 
mated at 49,520,000 square miles, and are especially developed in 
the Atlantic, though they are largely present in all except the polar 
seas, and range in depth from 400 to 2900 fathoms. 



Eig. 143. — Pteropod ooze, x 4. (Agassiz after Murray and Renard) 


(2) Pteropod Ooze, — The thin a:nd delicate shells of the mollus- 
can groups known as the pteropods and heteropods abound at the 
surface of the warmer parts of the ocean, but their dead shells 
are found only in depths of less than .2000 fathoms. In shallow 
water (and even in greater depths near land) the shells are con- 
cealed by other kinds of material, but in moderate depths, far from 
any land, these shells sometimes become so frequent in the fo-. 
raminiferal ooze as to give it a special character. In its typical : : 
development this pteropod ooze has been found only in the 
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tic, where it covers some relatively small areas, in depths of 4o<i 
to 1500 fathoms. 

(3) Radiolarian Ooze , — The organisms which we have so far 
considered secrete only shells or tests of CaCOs, but this is not the 
only substance which is very extensively extracted from sea-water 
by living beings. Silica is also dissolved in sea- water, and various 
organisms construct their tests of that sukstance. The Radiol aria 
are, like the Foraminifera, a group of microscopic, unicellular 
animals, which secrete siliceous tests of the most exquisite delicacy 
and beauty; they live both at the surface and at the bottom of the 
sea. Radiolarian tests may be detected in all sorts of marine 
deposits of both deep and shallow water, but it is only in very pro- 
found depths that they occur in quantity sufficient to give character 
to the deposit. When 20 % or more of a bottom deposit consists 
of radiolarian tests, it is called a radiolarian ooze, but clay and 
volcanic minerals make up most of the materials. This ooze has 
been found only in the Pacific and Indian oceans, where, it is esti- 
mated, it covers 2,290,000 square miles of the bottom, at depths 
of 2350 to 4475 fathoms. 

(4) Diatom Ooze. — In our study of fresh-water deposits we 
learned that the siliceous cases of the microscopic plants known as 
diatoms form considerable accumulations in lakes and ponds, and 
they also flourish abundantly in brackish water and in the sea. 
Diatoms are found in many marine deposits, but in relatively small 
quantities. In the Antarctic Ocean, however, is an immense 
belt of ooze, believed to cover 10,880,000 square miles and extend- 
ing around the globe, which is largely made up of their frusliiles. 
Besides the great Antarctic zone, an area of some 40,000 vsquare 
miles is known in the North Pacific. The diatom ooze entirely 
resembles the fresh-water deposit, but may be distinguished by the 
presence of foraminifera! and radiolarian shells and tests. The 
depths at which this ooze is found are from 600 to 2000 fathoms. 

(5) Red Clay , — The profoundest abysses of the ocean, far 
from any land, are covered with a deposit of red clay, which, 
though varying much in composition and colour, is yet of a quite 
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uniform character. In these vast depths the foraminiferal shells 
are almost all dissolved by the carbonated sea-water, but some 
CaCOa is very generally present, averaging about 6%, and di- 
minishing in quantity as the depth increases. In the less profound 
abysses the red clay passes gradually into the foraminiferal oozes, 
the number of sliells increasing until the ooze-like character is 
attained. The clay is derived from the disintegration and decay 
of volcanic substances, especially pumice, which floats upon water, 
often for months, and drifts long distances in the ocean currents. 
The greater part of these volcanic materials is believed to be derived 
from terrestrial volcanoes, but the submarine vents doubtless con- 
tribute largely; particles of imdecomposed volcanic minerals and 
glasses are also common. In some regions the clay is coloured 
chocolate-brown by the oxide of manganese, and many sepa- 
rate nodules of this substance are found. The excessive slowness 
with which this abysmal deposit is formed, is shown by the occur- 
rence, in recognizable quantities, of meteoric iron, which reaches 
the earth in the form of meteorites, or shooting stars, and by the 
presence of the remains of animals which have long been extinct. 

Of all the oceanic deposits the red clay is the most widely 
extended, covering 51,500,000 square miles of the bottom. Almost 
four-fifths of this vast area are in the great deptlis of the Pacific; 
the shallower Atlantic has much more of the foraminiferal ooze than 
of the red clay. The observed range in depth Is from 2225 to 
3950 fathoms. 

Comparing the marine deposits now accumulating in the sea with 
the rocks of evidently marine origin which form- most of the land, 
%ve find that the great bulk of these rocks, the sandsto7ies, slates, and 
limestones, are such as are formed in water of shalloiv and moderate 
depths, while only rarely do we discover a rock that implies really 
deep water. 

Climatic Relations of Marine Deposits. — The shoal-water de- 
posits of cold and temperate seas are much alike, both having 
a preponderance of sand and gravel, with occasional limestones 
which are more frequent in lower latitudes, while in the deepeJ 
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waters of the continental slopes, blue mud is laid down. On the 
floor of the oceanic abysses, however, is a diflerence in that the 
terrigenous material is more widely distributed, while foraminiferal 
ooze and oceanic red clay are absent from the polar seas, and in the 
Antarctic Ocean is a complete zone of diatom ooze, encircling the 
earth. The tropical seas are characterized by red muds, and by 
great development of limestones, especially of the coral reefs, which 
are almost entirely confined to the tropical waters. The deposits of 
the truly deep sea are essentially the same in the tropical and tem- 
perate zones, and are determined almost entirely by the depth of 
water; foraminiferal and radiolarian oozes and red clay cover 
almost the whole floor of the oceanic basins in these regions. As 
conditions are more uniform in the sea than on the land, climatic 
differences are less clearly marked in marine than in continental 
deposits. 

Estuarine Deposits 

An estuary is a wide opening at the mouth of a river into which 
the sea has penetrated by the depression of the land. In such 
bodies of water the tide often scours with much force. Estuaries 
abound along our Atlantic coast, Delaware and Chesapeake Bays 
and the mouth of the Hudson being excellent examples of such. 
The water in them is brackish, and unfavourable to abundant 
aquatic life, for only a limited number of marine animals, and 
fewer fresh-water ones, flourish in brackish water. 

Estuarine deposits are, in general, much like those of the sea, 
except that they are apt to be of a finer grain for a given depth of 
water; muds are abundantly laid down, especially in the more 
sheltered nooks and bays, with fine and coarse sands and gravels 
in the more exposed situations. The sands are apt to show a 
confused stratification from the conflicting currents and eddies in 
which they are deposited, but with horizontal layers formed at slack 
water. Extensive mud-flats often surround an estuary, especially 
if the rise and fall of the tide be great. On these flats, exposed 
during low tide to the sun and air, in dry, hot climates, sun cracks 
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are formed on the drying surface, and these, together with the prints 
of raindrops and the tracks of land animals, will be preserved when 
the incoming tide, advancing too gently to scour the slightly har- 
dened surface of the fiat, dep^osits a fresh layer of sediment upon it. 
In pluvial climates, the mud-flats of estuaries do not dry with suffi- 
cient rapidity to permit the formation of shrinkage, cracks, except 
when the fiats are exposed to the air for a longer time than the 
ordinary interval between tides. This longer exposure occurs 
when part of the flats is covered only by spring tides, or the general 
level of the water is raised by a storm. If the estuary be the open- 
ing of a large river, considerable deposits of river sediment will, 
ill times of flood, be laid down upon the other beds, producing an 
alternation of fresh and brackish water beds. On the coast of 
North Carolina the low sand-spits thrown up by the waves enclose 
extensive shallow sounds, into which the tide enters by only narrow 
openings, but which have numerous streams flowing into them. 
At high water the incoming tide acts as a barrier, damming back 
the river waters, checking their velocity, and causing them to de- 
posit their burdens of sediment. In course of time, the sounds 
must be silted up by the rivers, first converted into salt marshes 
and then into land. The great areas of salt marsh along our Atlan- 
tic coast have, for the most part, been formed in this way. 

For reasons that we have already disciussed, estuaries are not 
favourable to eitlier fresh-water or marine organisms, and hence 
estuarine deposits do not contain any great variety of remains of 
either group. These remains may, however, represent numerous 
individuals, sufficient sometimes to form limestone layers, as is 
especially true of oyster banks- Diatoms may also accumulate 
in great quantities, as in one of the Baltic harbours, where they 
form 18,000 cubic feet of deposit annually, which necessitates 
continual dredging to keep the harbour open. On the other 
hand, estuaries are often favourably situated for the reception 
and preservation of the remains of land animals and plants 
which are swept into them by streams and buried in the soft silt 
of the mud-flats* 
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The Consolidation of Sediments (Diagenesis) 

The processes of deposition upon the land and l)eneath the 
water, which we have so far been studying, result, for the most 
part, only in the bringing together of great masses of loose and 
incoherent material, which in the case of marine deposits are satu- 
rated with salt water. If such masses are properly to be compared 
with the hard rocks of the earth’s crust, it will be necessary to show 
that loose sediments may ])e consolidated and rendered hard and 
firm, like the latter. This is not difficult, for we have abundant 
evidence to jm)ve that such consolidation actually does take 
place, and in a variety of ways. 

(1) Consolidation by Weight of Sediment, — When deposited 
on a sinking sea-bottom, sediments often accumulate in masses 
of great thickness, and in such cases the lower portions must 
tend to consolidate from the weight of the overlying masses. Of 
course, such a process cannot be directly observed in modern 
accumulations, because only the surface of them is accessible, Init 
from the analogy of observed facts we may safely infer that this 
weight is not without effect 

( 2 ) Consolidation by Cement, — Sediment is often penetrated by 
percolating waters, which carry in solution various cementing sub- 
stances, such as Si02, CaCO,^, FeCOjj, etc., and the deposition of 
these materials in the interstices of the loose sediment will bind 
the particles into a firm rock. This process we have already had 
occasion to observe in several instances, as in the coral reefs, the 
drift-sand rock of Bermuda, the modern sandstones on the coast 
of Asia Minor and Brazil, and many others. In all of these cases 
the cementing substance is CaCOa, but other modern rocks are 
known in which Fe^Oa, formed by the oxidation of FeCOg, plays the 
same r$le, as in Florida where the waters from ferruginous springs 
bind the grains of calcareous sand into a hard rock, the modern 

. , ' date of ^hich is proved by the presence in such rock of the bones 

of Indians. Both of these substances are very common as cements . 
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among the ancient rocks. The deposition of silica in the interstices 
of sand has also been observed, where the original sand grains can 
with difficulty be detected with the microscope, the rock appearing 
to be a mass of crystalline quartz grains. A cementing effect may 
also be produced by reactions within the mass of the sediment itself , 
as is seen in the solidification of volcanic ash mingled with water 
to form tuffs. 

(3) Consolidation through Heat. — This may be local, as in the 
neighbourhood of volcanoes, or general and due to the internal 
heat of .the earth. For sediment to reach great thickness it must 
subside, and this subsidence brings the lower parts of the mass 
deep down into the crust, where they are invaded by the earth’s 
interior heat, and baked as bricks are burnt in a kiln. This pro- 
cess is likewise one which cannot be directly observed, but the 
effects of molten lava upon loose sediments may be watched, and 
the consolidating piower of heat has been tested experimentally, 

(4) Consolidation by Lateral Pressure . — This is probably the 
most widely acting and important agency of consolidation. 
Though it acts so gradually and at such depths that we cannot 
see it in o[)eration, yet the inference is, none the less, a .safe one. 
We shall see later that very many of the stratified rocks are no 
longer in the nearly liorizontal position in which they were first laid 
down, but have been folded and fractured through the operation of 
great lateral pressures. The more intensely folded and com- 
pressed any rock has been, the harder has it become, not only 
through the mechanical pressure, but by the heat and the chemical 
changes which such compression generates. In addition to this, we 
know from experiment that loose materials may be consolidated by 
powerful compression. Certain exceptional rocks of very ancient 
date are known,, which are almost as incoherent as when first accu- 
mulated, but these all retain their original horizontal position and 


and firm; here some other solidifying agent has been at work. 




have not been compressed. It must not be sunnose cLiiiQ 
that only compressed sediments have become hard, for 
of scarcely disturbed rocks are found, which are perfect! 
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There are certain other features in which the loose modern 
sediments differ from the older and harder rocks, such as joints, 
and cleavage which divides many rocks into thin plates, indepen- 
dently of the planes of stratification. These may be shown, how- 
ever, to be structures which the rocks have acquired after their 
formation, and therefore need not be discussed here. 

The parallel is now complete between the sediments which we 
may observe to-day in the process of accumulation, and the hard 
stratified rocks which make up ])y far the largest part of the dry 
land. For all these ancient rocks we may find a counterpart in 
sediments now forming, and we may conclude with perfect confi- 
dence that the ancient rocks were formed by the same agencies as 
the modern accumulations. Every rock contains a more or less 
legible record of its own history. 

Summary of the Reconstructive Processes. — The destructive 
agencies supply a great mass of material, of which, under existing 
conditions of climate, topography, etc., about one-half is arrested 
in its journey to the sea and the remaining half completes that 
journey; the former moiety constitutes the continental deposits, 
and the latter moiety the terrigenous marine deposits. 

Continental deposits are of great variety, and their nature is de- 
termined chiefly by the factors of climate and topography. In the 
arid and desert regions we have great acciimii kit ions of drift-sands, 
of angular talus, of flood-plain and playa sands and muds, which 
are characteristically sun-cracked and more or less imj^regnated 
with various salts. Deposits from salt lakes, such as salt, gypsum, 
soda, borax, etc., are confined to arid climates and are not formed 
in humid climates. In pluvial climates of the temperate zones, rain- 
wash, deep soils, lacustrine deposits from fresh- water lakes, and river 
deposits on flood plains and in channels are characteristic. In such 
climates sun cracks do not form over great areas, as they are largely- 
prevented by the dense covering of vegetation. Peat bogs are the 
seats of great vegetable accumulations, especially in the cooler and 
moister regions. In the polar regions, glacial deposits and frost 
talus are the principal modes of accumulation, and in high mountains 
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these also penetrate deep into the temperate and even the tropical 
zones. In the tropics we find extremely deep soils, which contain 
or are made up of the red laterite, and surface deposits of iron oxide 
and chemically formed limestone are extensively made. Immense 
masses of river alluvium gather in interior basins, but vegetable accu- 
mulations are less abundant than in temperate lands, and lakes are 
not common in the tropics. The absence of lakes, however, is not 
determined by temperature, but by the antiquity of land surfaces. 
It cannot be inferred from the fact that only half of the annual 
land- waste finds its way to the sea, that such should be the propor- 
tion between continental and marine dejiosils among ancient rocks, 
for a transgression of the sea over an ancient land surface, deeply 
buried under continental deposits, would rapidly rework the latter 
into marine deposits. At present, we observe that material de- 
rived from the land and in mechanical suspension laid down in 
the sea is distributed by the \vaves and currents, sorted into layers 
according to the fineness of the material and, more or less incom- 
pletely, according to its mineralogical composition. The most 
important factors which determine the character of the deposit 
at any given point on the sea-floor are the depth of water and the 
topography and elevation of the adjoining land. The coarser 
material, gravel and sand, are laid dowm upon the beach and in 
shoal water, the sand generally extending to the loo-fathom 
line, while on the continental slope are deposited the various 
muds, and on the floor of the ocean basins the organic oozes and 
the oceanic red clay, derived chiefly from the decay of volcanic 
minerals. Limestone banks are formed by the extraction of the 
dissolved lime-salts through organic agencies, a process which 
goes on most extensively in warm seas of shallow and moderate 
depth. Climatic differences also have their effect upon marine 
deposits, but less markedly than in the case of the continental 
accumulations. The loose sediments accumulated on land or under 
water are, under favouring conditions, consolidated into hard rocks, 
thus making the parallel with the ancient sedimentary rocks com- 
plete, and finishing the cycle of destruction and reconstruction from 
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rock back to rock. All these various kinds of deposits, continental 
and marine, are forming simultaneously, but one kind of deposit 
does not gather indeiinitely at one point, except perhaps on the 
door of the deep ocean-basins. Conditions shift and change, 
so that one kind of material is laid down upon another, and in the 
same vertical section w’e may discover many different beds, each 
one recording the conditions at that point, for the time during which 
the bed formed the surface of the lithosphere. All these changes 
W'e have studied in order to obtain a key to the record contained 
in the rocks, and we have found that the processes now at work do 
furnish a partial key. However, before a systematic history of the 
earth can he attempted, we have first to study the \vays in which 
the rocks are arranged and the disturbances which they have 
undergone; this constitutes structural or tectonic geology. 


PART II 


STRUCTURAL OR TECTONIC GEOLOGY 

CHAPTER X 

THE ROCKS OF THE EARTH^S CRUST — IGNEOUS 

ROCKS 

In the first section of this book we made a study of the procevsses 
and agencies which are still at work upon and within the earth, 
tending to modify it in one or other particular. We there found 
that slow but ceaseless cycles of change take place and that a 
continual circulation of material is going on. 

We have now to take up the second branch of our subject, that 
of structural geology^ which deals with the materials of the earth \s 
crust, their mode of occurrence, and their arrangement into great 
masses. Structural geology is, however, not merely a descriptive 
study; hand in hand with the examination of the rock-masses 
must go the attempt to explain their structure, and to show how 
they have come to be as we find them. Dynamical principles 
must be continually called in to interpret the facts of structure, and 
many of the observations concerning the construction, destruction, 
and ‘reconstruction of rocks find their application in the study of 
structure. 

This application cannot, in all cases, be made with confidence, 
both because a gi\^en structure may often be referred, with equal 
probability, to different processes, and because certain of the great 
dynamical agencies are so slow and gradual in their mode of opera- 
tion, that no one has ever been able to observe them at work. In 
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this latter class of cases the agency must be inferred^ not from any* 
thing which we have actually seen accomplished, but from the 
traces which it has left in the structure. Under such drcumstances, 
it need not surprise us to find that the explanation is not always 
obvious, but may be very problematical, and that great differences 
of opinion may arise concerning the rightful interpretation of a 
complex region. 

Here, as in all other provinces of geology, the historical stand- 
. point is the dominant one. Our object Ls to learn, not only the 
agenciCvS which have produced the structures and the way in which 
they operated, but also the succevssive steps by which the structures 
originated, the order in which they occurred, and their geological 
date. Thus they may be coordinated into the great history of the 
earth, which it is the main problem of geology to construct. 

'ROCKS 

The distinction between a rock and a mineral is not always an 
. easy one for the beginner to grasp, yet it is essential that he should 
do so, A Rock is any extensive constituent of the earth’s crust, 
which may consist, though rarely, of a single mineral, but in the 
great majority of cases is a mechanical mixture of two or more 
minerals. A rock thus has seldom a definite chemical compo- 
sition, or homogeneous internal structure. An examination 
with the microscope almost always shows that a rock is an aggre- 
gate of distinct mineral particles, which may be all of one kind, 
or of many different kinds, in varying proportions. Rocks, then, 
are mechanical mixtures, and their properties vary in proportion 
to their various ingredients, while minerals are chemical com- 
pounds (see p, 6). 

In ordinary speech the term rock is held to imply a certain 
degree of solidity and hardness, but in geological usage the word 
- is not so restricted. Incoherent masses of sand and clay are re- 
garded as being rocks, quite as much as the hardest granites. 

The classification of rocks is a very difficult and obscure prob- 
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lem, and would be so, even were our knowledge much more com- 
plete and exhaustive than it is. There are, therefore, great 
diversities in the various schemes of classification which have been 
proposed and which are still in use, and all such schemes require 
modification to meet continually advancing knowledge. 

Bearing in mind the principle, already emphasized so often, that 
geology is primarily a historical study, the most logical scheme of 
classification is obviously one that, so far as possible, is gemetic^ 
that is to say, one which expresses in brief the history and mode 
of formation of the rocks. Other criteria, such as texture and 
chemical and mineraiogical composition, must be employed for 
the minor subdivisions. On this genetic principle we may divide 
all rocks into three primary classes or groups, 

A. Igneous Rocks, those which were melted and have solidified 
by cooling. Texture glassy or crystalline. 

B. Sedhnentary Rocks, those which have been laid down (most 
commonly) under water, by mechanical, chemical, and organic 
processes. Rocks composed of more or less rounded and worn 
fragments, seldom crystalline. 

C. Metamorphic Rocks, those which have been profoundly 
changed from their original sedimentary or igneous character, often 
with the formation of new mineral compounds in them. Texture 
fragmental or crystalline. 

IGNEOUS ROCKS 

The igneous rocks have a deep-seated origin and have either 
forced their way to the surface, or have cooled and solidified at 
varying depths beneath it. Though rocks of this class, there is 
every reason to believe, were the first to be formed, they have been 
made all through the recorded history of the earth, and, as volcanoes 
show, are forming now. They are thus the primary rocks and all 
the others have been derived, either directly or indirectly, from 
them. The products of the chemical decomposition or mechanical 
abrasion of the igneous rocks have furnished the materials out of 
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which the sedimentary rocks were formed, at least in the first im 
stance. 

The igneous rocks are massive, as distinguished from stratified, 
and though sometimes presenting a deceptive appearance of strati- 
fication, may alwaj^s, with a little care, be readily distinguished 
from the truly stratified rocks. The term massive is, indeed, 
frequently used for these rocks in the same sense as igneous, and 
enipthe rocks is another term meaning the same thing, though 
eruptive is also employed in a more restricted sense. Still another 
term which should be defined is magma ^ by which is meant a con- 
tinuous molten mass before solidification. 

Characteristic differences appear between those igneous masses 
which have solidified deep within the earth and have been brought 
to light only by the denudation and removal of the overlying 
rock-masses, and those which have cooled at or near the sur- 
face of the ground. The former are called pluionic (abyssal, or 
Intrusive) and the latter volcanic (or extrusive). Between the two 
may be found every gradation, and the term Jiypabyssal is some- 
times emplo3^ed for rocks which are transitional between the 
typical platonic and the typical volcanic kinds. These terms, plii- 
tonic, hypabyssal, and volcanic, are used to describe the character 
of rock-masses j not as terms of classification. 

Texture. — The texture of an igneous rock means the size, shape, 
and mode of aggregation of its constituent mineral particles. Tex- 
ture is a very important means of determining the circumstances 
under which the rock was formed, and hence great attention is 
paid to it. Since texture responds so accurately to the circum- 
stances of solidification, rate of cooling, pressure, etc., all the varie- 
ties shade into one another by imperceptible gradations and form 
a continuous series. Nevertheless, it is necessary to distinguish 
and name the more important kinds. 

Among the igneous rocks are found four principal types of 
texture, with several minor varieties : — 

I, Glassy. — Here the rock is a glass or slag, without distinct 
minerals in it, though the incipient stages of crystallization, in the 


TEXTURE 285 

form of globules and hair-like rods, are often observable with the 
microscope. (See Fig. 24, p. 75.) When the glass or slag is made 
frothy by the bubbles of escaping steam and gas, the texture is 
said to be vesicMlar^ scoriaceoiisy piwikeous (see Figs. 27, 210), 
according to the abundance of the bubbles. These are varie- 
ties of the glassy texture, though other kinds may also be vesic- 
ular. A vesicular rock in which the steam-holes have been filled 
up by the -subsequent deposition of some mineral is called amyg- 
daloidaly cl term derived from the Greek word for almond. 

2. The Compact (or Felsitic) texture is characterized by the 
formation of exceedingly minute crystals, too small t(» be seen by 
the unassisted eye, giving the rock a liomogeneoiis but stony 
and not glassy appearance. If the crystals arc too minute to be 
identified even by the aid of the microscope, the rock is said to be 
cryptocrystalline, and when such identification can be made, 
it is ccilltd niicrocrystanine, 

3. ForphyrUic. — In rocks of this texture are large, isolated 
crystals, called phenocrystsy embedded in a ground mass, which 
may be glassy or niade up of small crystals. The phenocrysts may 
have sharp edges and well-formed faces, or they may have irregu- 
lar and corroded surfaces. The porphyritic texture indicates two 
distinct phases of crystallization. The first is the formation of the 
phenocrysts, which remain suspended in the molten mass, or 
magmay and are often corroded and partially redissolved (resorbed) 
by it. These crystals are said to be of infratelluric origin, because 
farmed before the eruption of the lava, and such crystals are 
showered out of certain active volcanoes at the present time. 
Stromboli (see p. 75), for example, ejects quantities of large and 
perfect aiigite crystals. There is reason to believe, however, that 
not all phenocrysts are thus intratelluric, but that the first phase of 
crystallization sometimes takes place after the ejection of the molten 
mass. The second phase consists in the formation of the ground 
mass, which may be glass}^ finely crystalline, or both. Mineral 
particles having distinct crystalline form are called idiomorpMc. 

4. Granitoid. — In this texture the rock is wholly crystalline, 


286 


IGNEOUS ROCKS 


without ground mass or interstitial paste. The component grains, 
which may be fine or very coarse, are of quite uniform size, and 
as the crystals have interfered with one another in the process of 
formation, they have rarely acquired their proper crystalline shape. 
Such grains are said to be allotriomorphic. 


An additional texture which should be mentioned is the frag- 
mentaL This is represented by the accumulations of the frag- 
mental products ejected by volcanoes (see p. 79), agglomerates, 



Fig, 144. — Slab of polished porphyry, natural size. Phenocrysts of felspar 


bombs, lapiili, ashes, etc. Many such materials accumulate in 
bodies of water and are there sorted and stratified and, it may be, 
mingled with more or less sand and mud and other sedimentary 
material. Rocks formed in this manner partake of the nature 
of both the igneous and sedimentary classes, and may be regarded 
as a series intermediate between the other two and in a measure 
‘ connecting them. These rocks will here be treated as a special 
’ subdivision, under the name of pyroclastic rocks. 

our studies of the products of modern volcanoes, we saw that 
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the same molten mass will give to rocks of very different 
appearance in its different parts, according to the circumstances 
of rapidity of cooling, pressure, etc. We may now express this in 
somewhat more general form and say that the texture of an igne- 
ous rock is determined by the several factors which affect the 
molten mass during consolidation. Of such factors may be men- 
tioned the chemical composition, temperature, rate of cooling, 


Fig. I4S‘ — Hand specimen of granite, natural size 


degree of pressure, and the quantity present of dissolved vapours 
and gases, which are called 'mineralizers. 

Solidification. — Chemical composition determines the fusibility 
of a rock at a given temperature. The least fusible rocks are, on 
the one hand, those which contain large quantities of silica, 6o to 
75%, and, on the other, those which contain less than 40% of 
silica. The most fusible rocks' are those with an intermediate 
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percentage of silica, and among these the fusibility increases, as the 
percentage of silica diminishes, until the lower limit is reached. 
The effect of chemical composition upon texture is seen in the 
rapidity with which the less fusilffe rocks chill and stiffen, and 
thei'efore the greater frequency with which they form glasses. 

Chemical composition is, however, important in this connection 
chiefly through its effect upon the rate of solidification. We have 
already learned (p. 9), that solidification very generally takes 
place by a process of crystallization, and this requires time. Hence, 
very rapid cooling results in a glass, but the microscope reveals 
the incipient stages of crystallization in many of even the glassy 
rocks. A somewhat slower rate of solidification produces a 
cryptocrystalline rock, and successi^^ely slower rates bring about 
the porphyritic, microcrystalline, and granitoid textures. Large 
crystals form slowly, and other things being equal, the larger 
the component crystals of a rock, the more slowly has it consoli- 
dated. 

Pressure is of importance in preventing the rapid escape of the 
vapours and gases contained in the molten mass, and hence frothy, 
scoriaceous, and vesicular textures cannot be produced under high 
pressures. Pressure is also believed to be necessary for the for- 
mation of many phenocrysts in porph^Titic rocks. 

The mineralizers, such as steam, hydrochloric arid, and other 
vapours, determine the crystallization of many minerals, which 
refuse to crystallize in the absence of such vapours. Variations in 
the quantity of mineralizers present in different parts of the same 
mass occasion corresponding differences in the local textures. 
The well-known Obsidian Cliff, in the Yellowstone National Park, 
is formed by a great lava-sheet, made up of alternating layers of 
glassy and microcrystalline rock, a difference which is referred to 
varying proportions of mineralizers present in different parts of 
the molten mass. 

It must not be supposed that a molten magma consists merely 
of a number of fused minerals, mechanically mixed together and 
having no effect upon one another. If such were the case, the 


SOLIDIFICATION 


289 


minerals in cooling should all crystallize in the order of their fusi- 
bility, the least fusible forming first, and the most fusible last. This 
is not what we find, and many facts which cannot be discussed 
here have led petrographers to the belief that a molten magma 
is a solution of certain compounds in others, and that crystalliza- 
tion occurs in the order of solubility, as the point of saturation for 
particular compounds is successively reached by the cooling mass. 

Similar phenomena may be observed among the metals. If 
strips of copper be thrown into a vessel of melted tin, the latter 
will dissolve the copper at a temperature far below that at which 
the copper would melt alone. 

In a rock magma the crystallization of the more and more 
soluble minerals will proceed regularly, provided the pressure and 
rate of cooling continue constant. As these conditions are, how- 
ever, subject to variation, it frequently happens that the more 
soluble minerals begin to crystallize before the less soluble have 
all been formed, and thus the periods of formation of two or more 
kinds of minerals partly overlap. 

Usually, the order of formation of the different kinds of min- 
erals in a solidifying magma is as follows. First to form are apatite, 
the metallic oxides (magnetite, ilmenite), and sulphides (pyrite), 
zircon, and titanite. Next come the ferro- magnesian silicates, 
olivine, biotite, the pyroxenes, and hornblende. Next follow the 
felspars and felsimthoids, nepheiine and leucite, but their period 
often laps well, back into that of the ferro-magnesian group. Last 
of all, If excess of silica remains, it yields quartz. In the variations 
of pressure and, temperature, it may and often does happen that 
crystals are again redissolved, or resorbed, as it is called, and it 
may also happen that after one series of minerals, usually of 
large size and intrateliuric origin, have formed, the series is again 
repeated on a small scale, as far back as the ferro-magnesian 
silicates. Minerals of a so-called second generation thus result, 
but they are always much smaller than the phenocrysts and are 
characteristic of the 
It results from ^ 

■ V ■ 
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increasingly siliceous up to the final consolidation, for the earliest 
crystallizations are largely pure oxides. It is also a striking fact 
that the least fusible minerals, the felspars and quartz, are the 
last to crystallize/’ (Kemp») 

A very considerable number of minerals are found in the igne- 
ous rocks, but comparatively few in any large cpiantity. It thus 
becomes necessary to distinguish between the essential minerals 
of a rock and the accessory ones. The essential minerals are 
those which characterize a given kind of rock, while the accessory 
minerals are those which occur in small quantities and which may 
be present or absent, without materially affecting the nature of 
the rock. The distinction is necessary and useful, but is rather 
arbitrary. 

Another necessary distinction is that between original and 
secondary minerals. Original minerals were formed with or be- 
fore the rock of which they are constituents, and secondary min- 
erals are produced by the alteration or reconstruction of the 
original ones. 

With comparatively few exceptions, the igneous rocks are made 
up of some felspar or felspathoid, together with one or more of 
the pyroxenes, amphiboles, micas, olivine, or quartz. Magnetite 
is also very common. 

DifiPerentiation. — Different parts of the same continuous rock- 
mass frequently display chemical and minera logical variations, 
resulting from a process of difierentiation, or segregation, of the 
magma. How this is brought about, is far from certain, but there 
can be little or no doubt as to the fact, ** When large areas of 
eruptive rocks are carefully investigated, it is found that there is 
a perfect and gradual transition of one kind into another — all in- 
termediate varieties existing — and that quantitatively no special 
part of the series is universally predominant, although there are 
often immense masses of nearly uniform character, and there may 
be smaller bodies of quite variable composition.’’ (Iddings.) 
It is further found that in a given volcanic district, or petrographi- 
^ cal province^ the rocks erupted at a particular geological period 
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have certain peculiarities which distinguish them from those of 
other provinces. It thus appears probable that the igneous rocks 
of such a province were derived from the same magma, and the 
relationship between the various kinds of rocks of the province is 
cdXled consanguinity. 

The existence of these petrographical provinces does not imply 
that the rocks of each one differ from those of all the others. In 
fact, similar or identical groups of rocks are found in many parts 
of the world, but each province differs more or less from the sur- 
rounding ones. Thus, rocks which from the genetic [)oint of view 
are closely related, are, b}^ any scheme of chemical or mineralogical 
classification, often placed in widely separated groups. 

Assimilation. — When we examine in the field the igneous rocks 
in their relations to other rock-masses, we frequently find cases 
where it is exceedingly difficult to account for the presence of the 
igneous mass, except upon the assumption that the magma made 
way for itself by fusing and incorporating the rocks which must 
formerly have occupied its present position, the surrounding rocks 
showing no evidence of being merely pushed aside by the ascending 
magma. In certain instances, such a melting and incorporating 
of opposing rocks would seem to be clear, as when a sheet of magma 
has made its way into a series of strata, parallel with the bedding 
planes, without increasing the thickness of the series. This in- 
corporating of freshly fused material with the intruding magma 
is called assimilation, but, save on a very small scale, its reality Is 
a subject of much dispute, and some of the highest authorities al- 
together reject it. Nevertheless, many observed facts strongly 
favour this assimilation theory, which has a most important bear- 
ing upon some of the fundamental problems of geology. Accord- 
ing to this view, the ascending magma Is at an extremely high 
temperature and very fluid, and it forces its way upward partly 
through crevices and fissures, partly by detaching joint-blocks, 
which sink into the molten mass and are dissolved by it, thus greatly 
modifying the chemical constitution of the magma. Subsequently, 
the magma becomes differentiated, so that the different varieties 
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of rock separate from one another in the manner already described. 
PerhapSj as Daly has suggested, there is a universal subcrustal 
magma, of basic composition, which, owing to the pressure 
of the overlying crust, is only potentially fluid, liquefying along lines 
of a partial release of [)ressure. The overlying s<flid rocks are, on 
the average, more acid than the subcrustal magma and thus, by 
assimilation followed by differentiation, the many varieties of 
igneous rock are formed. 

Classification.. — What was said above with regard to the diffi- 
culty of classifying rocks, a[)plies more especially to the igneous 
group, because of the way in which the various kinds shade into 
one another, since even the same molten mass may differentiate 
into several sjiecies, showing not only dificrences of texture, hut 
marked changes of chemical and mineralogical composition. In 
an elementary work, like the present, only a meagre outline of the 
subject can be attempted, for the microscopic study of rocks, or 
petrography, has now become an independent science of great scope 
and interest and cannot be compressed into a few pages. 

The classification of the igneous r<*)cks now most generally 
adopted is made upon a threefold method, according to texture, 
and chemical and mineralogical composition. In the following 
table (modified from Kemp’s) the textures are given in vertical 
order, while transversely the arrangement is mineralogical, chiefly 
in accordance with the principal felspar. In this manner the acidic 
rocks come at the left side of the table and the basic at the right 
side. The percentages of silica are given on a lower line of the 
table. 

The add rocks are so called because they are rich in .silica, but 
they have only small quantities of lime, magnesia, and iron; hence 
they are very infusible, of low specific gravity, and generally of light 
colours. The basic rocks, thus named because of the predomi- 
nance of the bases, have much smaller percentages of silica and 
higher ones of lime, magnesia, and iron; the latter sub.stances 
act as fluxes, making the basic rocks much more fusible, as well 
as giving them a higher specific gravity and darker colour. The 
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distinction between acid and basic rocks cannot be very sharply 
drawn, because the two kinds are connected by every variety of 
intermediate gradation. The same is true, however, of all the 
divisions given in the table, which is apt to produce a false impres- 
sion of sharply distinguished groups of rocks, such as do not occur 
in nature. 

As a general rule, the glassy and porphyritic textures character- 
ize those rocks which have solidified at the surface of the ground, 
or not very far below it, while the granitoid types have cooled 
slowly and at great depths; but there are exceptions to both state- 
ments. Between the glassy and porphyritic textures at one end 
of the series and the granitoid at the other comes the felsitic 
which represents an intermediate rate of cooling and intermediate 
depths within the earth as the place of solidification (hypabyssai 
rocks). 

The division of the igneous rocks into families is made prima- 
rily in accordance with the mineralogical composition, with sub- 
divisions according to texture. This method gives us five principal 
groups. 

I. The Granite Family 

The molten magma, which on solidification gives rise to the rocks 
of this group, is very rich in silica (65 to 80 %) and has from 10 
to x5% of alumina; the quantity of alkalies (Na and K) is rela- 
tively large (6 to 8 %), and there are small amounts of iron oxides 
(2 to 4%), magnesia (i to 2 %), and lime (i to 4%). In the process 
of consolidation the principal minerals formed are orthoclase and 
quartz, with smaller amounts of oligoclase, iron oxide, and of the 
ferro-magiiesian minerals, biotite or hornblende. Differences of 
texture, produced in the manner already described, give rise to 
rocks of totally different appearance, which it is difficult to imagine 
are of similar or identical composition. 

Obsidian is a volcanic glass, which is usually black or dark 
' brown or green (but sometimes blue, red, or yellow). It breaks 
with a shell-like fracture; and in very thin pieces is translucent. 
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The microscope shows ‘‘ crystallites/^ the incipient stages of crys- 
tals, which are present in great numbers. The name obsidian is 
used for the various kinds of volcanic glass in which the percentage 
of water is small, and so for exact description a prefix is necessary, 
such as rhyolite obsidian, andesite obsidian. Though the glasses 
are of varying composition, by far the greater number of them be- 
long to the granite family. When the glass is divided by concentric 
cracks, due to shrinkage on cooling, so as to form onion-like spher- 
ules, it is called Perlite. 

Pitchstone has much the same appearance -as obsidian, but 
contains from 5 to lo % of water. 

Pumice is a glass blown up by the bubbles of escaping steam 
and other vapours into a rock froth, so light that it will float upon 
water. A very similar substance is produced when a jet of steam 
is blown through the melted slag from an iron furnace. 

It not infrequently happens that, in course of time, the volcanic 
rocks become devitrified, losing their glassy texture and assuming 
a stony one. The homogeneous rock becomes converted into a 
mass of extremely minute crystals of quartz and felspar, and the 
original glassy texture is then shown only by the lines of flow, or 
by the perlitic character, w’’hich are not affected by the change. 
Devitrification has also been observed in artificial glasses, espe- 
cially when the glass, owing to insufficient annealing, has been 
subject to internal stress. 

Rhyolite ordinarily occurs as the lava outflow of a granitic magma, 
cooled rapidly, but yet more slowly than obsidian. The texture 
is porphyritic, the phenocrysts being chiefly quartz and the 
glassy form of orthoclase known as sanidine, while the ferro-mag- 
nesian minerals are present in very much smaller quantities, and 
of these the commonest is biotite. The phenocrysts are em- 
bedded in a ground mass of minute felspar crystals and a varying 
proportion of glass. Other names used for rhyolite are liparite 
and quartz trachyte. The rhyolites are exceedingly common in the 
western part of the United States. The Felsites are very dense, 
fine-grained, and light-coloured rocks, in which phenocrysts are 
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absent or scanty; they are rocks which have been formed in differ- 
ent ways, by the devitrification of obsidians and rhyolites, by the 
recrystallization of tiills, and by original cooling frojn fusion. 

Quartz Porphyry shades imperceptibly into rhyolite or felsite 
on the one hand, and into granite on the other; it is made up 
of phenocrysts of quartz, or of quartz and orthoclase, in a crystal- 
line ground mass of the same minerals. If the phenocrysts 
are very abundant and the ground mass rather coarse grained, the 
rock is called granite porphyry. Syenite porphyr}’, Diorite por- 
phyry, etc., bear similar relations to the other members of their 
respective families and need no further description. 

Granite. — The granites are thoroughly crystalline rocks, of 
typically granitoid texture, to which they have given the name, 
and without any ground mass. The grains have not their proper 
crystalline shape, the separate minerals interfering with each other 
in the process of crystallization. The characteristic minerals are 
quartz, orthoclase, some acid plagiociase, muscovite, biotite, and 
hornblende; magnetite and apatite are always present, though in 
small quantities. The variations in granite are principally in the 
ferro-magnesian minerals. Thus we have musawite granite^ with 
w^hite mica only; granitite, with biotite only; hornblende granite^ 
the hornblende replacing the mica, or in addition to biotite; augite 
granite^ with augite and biotite. Those in which the percentage 
of soda is high are called soda-granites. When the ferro-magnesian 
silicates ai'e all absent, the rock is called a binary granite , or .4 plite. 

The colour of granite is dark or light in accordance with the 
proportion of dark silicates present, while the shades of the felspar 
determine whether the rock shall be red, pink, or white. The 
texture of granite varies from fine to very coarse, and in some 
cases becomes nearly porphyritic. A very coarse-grained granite 
is called Pegmatite, or giani granite, 

II. The Syenite Family 

In this family the magma much resembles that of the granite 
group, except that the quantity of silica is less (50 to 65 %); hence 
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it is nearly or quite taken up in the formation of silicates, leaving 
little or none to crystallize out separately as quartz, and orthoclase 
is thus the chief mineral. The two families are connected by 
many transitional rocks. 

Syenite Obsidian is indistinguishable, except by chemical analy- 
sis, from the glasses of the preceding family, but it is much less 
common. 

Trachyte is a volcanic rock, consisting of phenocrysts of sani- 
dine in a ground mass of minute felspar crystals, but having little 
or no glass, together with more or less biotite, amphibole, or 
pyroxene, according to which vye get the varieties mica^ am phi- 
hole^ ox pyroxene trachyte. In America the trachytes are very 
much less abundant than the rhyolites. 

Phonolite differs from trachyte in the higher percentage of 
soda which it contains, and in the presence of the felspathoid 
nepheline or leucite, or both. The name is derived from the 
ringing sound which thin plates of the rock give out when struck 
with a hammer. Phonolites are quite rare rocks, and in this 
country the best-known locality for them is the Black Hills region 
of South Dakota. 

Syenite is a thoroughly crystalline rock, without ground mass, 
and much resembling granite in appearance, but having no quartz. 
It is com]}Osed typically of orthoclase and hornblende, with plagio- 
clase, apatite, and magnetite as accessories. When the hornblende 
is replaced by biotite, the rock is called mica syenite^ and when by 
augite, augite syenite. The name syenite is sometimes given to 
the rock we have called hornblende granite.^’ 

Nepheline Syenite Is marked by the presence of nepheline, and 
bears the same relation to phonolite as syenite does to trachyte, 
being the granitoid crystallization of the same magma. 

The syenites occur just as do the granites, but are not nearly 
50 frequent. 

IIL The Diorite Family 

The magma of these rocks has about the same silica percent- 
ages (50 to 65 %) as have the syenites, but the quantity of alkalies 
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is less, while that of the lime and magnesia is greater. Hence 
orthoclase is absent or much less important, and the principal 
mineral is a soda-lime felspar. The textures display the usual 
variety from glassy to granitoid. 

The glasses of this family (andesite obsidian) can be distin- 
guished from those of the preceding groups only by chemical 
analysis, but they are rare. 

Andesites arc dark-coloured lavas of porphyritic or compact 
texture, composed of a glassy plagiodase felspar and some ferro- 
magnesian mineral, embedded in a ground mass of felspar needles 
and glass. In accordance with the nature of the predominant 
ferro-magnesian mineral, we have hornblende andesite^ hiotite ande- 
site^ and several varieties of pyroxene andesite. These rocks are 
very common in the western United States and along the Pacific 
coast of both North and South America; they are named from 
the Andes. 

The Dacites differ from the andesites in having quartz, and 
therefore a higher percentage of silica. 

The Diorites are the plutonic equivalents of the andesites and 
dacites, having granitoid texture. The ferro-magnesian mineral 
is usually green hornblende, but augite and other pyroxenes and 
biotite occur in the different varieties. Most diorites have a little 
quartz; but when this mineral becomes abundant, it gives a quartz 
diorite^ which is related to the dacites as the typical dioritc is to the 
andesites, 

IV. The Gabbro Family 

In the magmas of this series the percentage of silica is much 
less than in the preceding groups (40 to 55%)? and the quantity 
of alkalies is small, while that of iron, magnesia and lime is much 
greater. They are heavy, dark-coloured rocks. The principal 
minerals are a plagiodase felspar, rich in lime (iabradorite or anor- 
thite), some kind of pyroxene, magnetite, and frequently olivine. 
There is a wide range of mineralogical composition and many varie- 
' ties of rock occur in this family. 
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Tachylyte is a basaltic glass, which is not at all common. 

Basalt is a name of wide application covering many varieties. 
The basalts are very common volcanic rocks, and most of the active 
volcanoes of the present day extrude basaltic lavas. In texture the 
basalts are ordinarily porphyritic, but they may be without pheno- 
crysts, and consist of a finely crystalline mass. The ground mass is 
made up of tiny crystals, mingled with a dark glass. 

The basalts are closely related to the andesites and connected 
with them by a number of transitional forms, but in the andesites 
the phenocrysts are principally felspars, which is not the case in 
the basalts. ’ Those basalts which contain olivine in notable ciuan^ 
titles *are called oHmne basalt ; while those in which the felspar is 
replaced by leucite or nepheline are called leucite and nepheline 
respectively. 

Trap is a useful field name for various sorts of dark, granular 
rocks, which cannot readily be distinguished by inspection. The 
term is often applied to diorite and especially to diabase. 

Dolerite is a coarsely crystalline basaltic rock, which is either 
porphyritic or granitoid in texture. 

Diabase is a rock of peculiar texture; the felspar cry.stals are 
long, narrow, and lath-shaped, and contain the dark minerals in 
their interstices. The trap rocks of the Palisades of the Hudson, 
and many localities in the Connecticut valley, New Jersey, Mary- 
land, Virginia, and North Carolina, are diabase, 

Gabbro is a term which is now* used comprehensively to include 
the coarse-grained, plutonic phases of the various basaltic rocks, 
which are typically composed of plagioclase and pyroxene. Olwim 
gabbro and hornblende gabhro are names that explain themselves. 
Norite, or hyperstJiene gabbro, contains orthorhombic pyroxene. 
Anorthosite is nearly pure labradorite in large crystals, with little 
or no pyroxene; great masses of it occur in Canada and the Adi- 
rondack Mountains of New York. Gabbros are present on a 
great scale in the Adirondacks, and occur in the White Moun- 
tains, on the Hudson, near Baltimore, around Lake Superior, in 
California and various parts of the West. . . . ' 
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V. Peridotite Family 

These rocks have no felspars, and in most of them the quantity 
of silica is below 45 %, while that of magnesia is from 35 to 48 %; 
they are composed almost entirely of ferro-magnesian minerals. 

Limburgite is made up of crystals of augite, olivine, and mag- 
netite, embedded in a glassy ground mass. 

Augitite is a similar rock, but without olivine. 

Pyroxenite is a holocrystalline, piutonic rock composed of one 
or more varieties of pyroxene. 

Hornblendite is a similar rock made up of hornblende. 

The Peridotites are likewise piutonic rocks ^vhich are principally 
composed of olivine, with iron ore and some of the pyroxenes or 
hornblende. 

The Serpentines are products of alteration, and many of them 
have been formed from peridotites, though some have been derived 
from augitic rocks, such as gabbro, and others from hornblendic 
rocks. In rarer instances they have arisen from the alteration 
of acid rocks. 

APPENDIX 

THE PYROCLASTIC ROCKS 

These rocks are formed out of the fragmental materials ejected 
from volcanoes. The materials are of course igneous, but the 
rocks themselves differ from the typical igneous rocks in several 
important respects. They have not been formed in their present 
state of aggregation by cooling from a molten mass, and in many 
cases they are more or less distinctly stratified. It seems best, 
therefore, to group them separately, under the name pyroclastic. 

Volcanic Agglomerate, or Breccia, is a mass of angular blocks of 
lava, with which may be mingled fragments of sedimentary rocks, 
which the volcano has torn off from the sides of its chimney. The 
blocks may be loose or cemented together into hard rock by a 
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filling of finei matciials. Ordinarily the breccia is formed only 
near the vent, but sometimes it is developed on a great scale, as 

in the eastern part of the Yellowstone Park. ' 

Tuffs are masses of v'olcanic. ashes and dust, which accumulate 
in beds, either on the land or in bodies of water. Even in falling 
through the air, the particles are sorted, in some degree, in ac- 
cordance with their size, and the tuffs are thus usually stratified, 
and frequently have fossils in them. When accumulated under 
watei, the ashes are, of course, stratified and may be mingled with 
more or less sedimentary debris. Such subaqueous tuffs pass into 
the ordinary sedimentary rocks, by the gradual diminution of the 
volcanic material. When examined under the microscope, ev^en 
the finest tuffs are found to consist of crystals and particles of glass. 

The volcanic breccias and tuffs may best be classified in accord- 
ance with the nature of the component fragments. Thus, we find 
rhyolite tuffs and breccias, andesite tuffs and breccias, basaltic 
tuffs and breccias, and the like. 


CHAPTER XI 


THE SEDIMEHTARY ROCKS 

The materials of which the sedimentary rocks are composed 
were, in the first instance at least, derived from the chemical 
decay or mechanical abrasion of the igneous rocks, and hence 
they are often called derivative or secondary. They have been 
laid down under water, or on land, and are therefore almost always 
stratified and, for the most part, are composed of rounded fragments, 
seldom crystalline. 

Almost all the minerals which we have found in the igneous 
rocks also occur, in a more or less worn and comminuted condi- 
tion, in the sedimentary class. However, with the exception of 
quartz, the great bulk of the sedimentary materials consists of 
simpler and more stable compounds than the igneous minerals, 
from the decomposition of which they have been derived. The 
principal minerals which. compose the sedimentary rocks are quartz 
(Si02), kaolinite (AI2O3, 2 SiOg, 2 HgO), and calcite (CaCOs). 

Quartz is a very simple and stable chemical compound, and 
hence, in the ordinary process of rock decay, it remains un- 
changed further than being broken up into smaller pieces and 
rounded by the action of wind or running water. Kaolinite is 
derived principally from the decay of the felspars, and the lime 
of calcite from the complex silicates containing lime, which are so 
frequent in the igneous rocks. These rocks also yield the iron 
oxides which are so widely diffused in the sedimentary class, though 
comparatively seldom in any very great quantity. Very many 
varieties of rocks are produced by the mixture of the siliceous 
(quartz), argillaceous (clay), and calcareous (lime) materials in 
varying proportions. The sorting out of material by water, accord- 
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ing to its chemical nature, is usually imperfect (although siliceous 
and calcareous concentrations are often remarkably pure), and 
changes from point to point, so that the sedimentary rocks have an 
even less definite chemical composition than have the igneous. 

It is, unfortunately, not yet practicable to apply to the sedi» 
raentar}?' rocks, the arrangement employed for modern continental 
and marine deposits, and the most useful classification at present 
of the sedimentary rocks is, primarily, according to the mode of 
their formation, and secondarily, according to their composition. 
This gives two principal divisions: I, the Aqueous Rocks ^ or those 
laid down under water ; II, the /Eolian Rocks ^ those which were 
accumulated on land, which are of more limited extent and im- 
portance. 

The aqueous rocks may be further divided into three classes: 
I, Mechanical Deposits; 2, Chemical Precipitates; 3, Organic 
Accumulations. 

L Aqueous Rocks 

The rocks laid down under water form the larger and more im- 
portant part of the sedimentary series, 

I. MECHANICAL DEPOSITS 

These have resulted from the accumulation of debris derived 
from the destruction of preexisting rocks, carried in mechanical 
suspension by moving water, whether waves, currents, or streams, 
and dropped when the velocity of the moving water was no longer 
sufficient to carry them. The study of the dynamical processes 
has already taught us that such accumulations are forming to-day 
in all kinds of bodies of w’-ater, and an examination of the rocks 
will show that similar accumulations have been made since the 
beginning of recorded geological time. Mineralogically, the 
mechanical deposits are of two principal kinds, the siliceous and 
the argillaceous. The sorting power of w^ater has been sufficient 
to separate them more or less completely, though we find mixtures 
of the two in all proportions. 
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a. Siliceous Rocks 

In these rocks the pi*incipai component is quartz in fragments 
of greater or less size, either angular, or more or less rounded by 
wear. Of the common rock-forming minerals quartz is the hardest 
and the one which best resists chemical change. Small quantities 
of other minerals^ such as magnetite, mica, felspar, garnet, etc., are 
generally present. 

Sand is made up of fine grains of quartz, not compacted to* 
gether, but forming a loose, incoherent mass. River sands and 
those formed by the atmospheric disintegration of rocks commonly 
have angular grains, due to the splitting up of the quartz fragments 
along preexisting flaws, though desert and wind-blown sands are 
apt to be fine-grained, rounded and pitted by abrasion. Beach 
sand is somewhat rounded, due to the constant wash of the surf. 

Sandstone is a rock of varying degrees of hardness, the grains 
of sand being held together by a cement. The most important 
cementing substances are carbonate of lime, the oxides of iron 
and Silica. The sandstones with calcareous cement usually yield 
quickly to the action of the weather, because of the solubility of 
the cement. Those with ferruginous cement are much more 
durable and more highly coloured, being of various shades of red, 
yellow, and brown. Most durable of all are the siliceous cements. 

Varieties of sandstone are produced by the conspicuous admix- 
ture of other minerals; thus, micaceous sandstone has abundant 
flakes and spangles of mica deposited along the planes of strati- 
fication. Argillaceous sandstone is composed^ of a more finely 
grained sand than the more typical sandstones, contains consider- 
able quantities of clay, and is, in general, more thinly bedded. 
The flagstones, so largely used for pavements, are examples of such 
a rock, and split readily into slabs of almost any desired size. 

Arkose is a sandstone containing considerable quantities of 
felspar in a mechanically subdivided but imdecomposed slate. 


Gravel is composed of rounded, water- worn pebbles, varying 
in size from a pin-head up to cobblestones and boulders. The 






ARGILLACEOUS ROCKS 


coarser kinds are often called sMngle, Gravel may be composed 
of almost any kind of rock materia V but the commonest pebbles 
are of quartz, because of its greater resistance to wear. Masses 
of quartz will be only rounded into pebbles, when other substances 
are ground into fine silt, or chemically disintegrated, and so 
washed into deeper water. 

Conglomerate is a cemented gravel. Different names are given 
to conglomerate, according to the character of the pebbles, as 
qtiariz conglomeraky JiiM congloinem limestone conglomerate^ 
granite conglomerate ^ etc. 


Fig. 146, — Hand specimen of conglomerate, natural size 


b. Argillaceous Rocks 

Clay — Mud. — Clay consists of kaolinite nearly always with large 
admixtures of other substances, such as exceedingly fine grains of 
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quarts:, felspathic mud, and the like. When moist, clay is plastic, 
differing in this respect from mud. The particles of clay and mud 
are extremely fine and are carried for long distances before settling 
to the bottom. Hence the muds and clays are distributed over wider 
areas than the gravels and sands, and deposits of them indicate 
quieter and, usually, but not always, deeper waters than the con- 
glomerates and sandstones. 

Clay is found in very different conditions of purity. Kaolin, 
or porcelain clay, is nearly pure, while PoUefs and Brick Clay 
contain finely divided quartz, and the latter in addition, lime, mag- 
nesia, iron, and alkalies. Cia3’'s with considerable percentage of 
iron burn red on firing. 

Fire-clay IS a nearly pure mixture of sand and clay, with only 
traces of iron, magnesia, or lime, and therefore burns to white 
or buff-coloured bricks, which will resist very high temperatures. 
Fire-cia^^s occur frequently beneath coal seams, representing the 
ancient soil in which the coal plants grew. Such ancient fire-clays 
are often hard rocks, and must be ground up before using. 

Mudstone is a rock which is composed of solidified clay or fels- 
pathic mud, or a mixture of the two, and which crumbles rapidly 
into mud when exposed to the action of the weather. 

Shale is a finely stratified or laminated clay rock, formed from 
the solidification of mud and silt. In some of the paper shales 
there are as many as thirty or forty lamina? to the inch, each repre- 
senting a separate stage of deposition. Shales ordinarily contain 
more or less sand, and as this increases in quantity, they shade 
gradually into arenaceous shales and argillaceous sandstones, or 
by the increase of calcareous matter into limestones. Bituminous 
shale is coloured very dark or black by the carbonaceous matter 
with which it is saturated. When distilled, the bituminous shales 
yield hydrocarbons, and are of considerable economic importance; 
the carbonaceous matter may be of either animal or vegetable 
origin. Shales of this class grade into coals. 

“ Marl is clay containing carbonate of lime, which rapidly crum- 
bles on exposure to the weather. 
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2, GHEMIGAL PRECIPITATES 

Rocks which have been principally or entirely formed by chemi- 
cal processes are, for the most part, of locally restricted extent, and 
are not at all comparable to the great masses of mechanical and 
organic sediments. This arises from the fact that the chemical 
processes occur in a conspicuous way only around the mouths of 
certain classes of springs (p. 191), and in closed bodies of water 
without outlet and subject to evaporation. 

The chemical precipitates may be classed under the following 
heads: a, Precipitates of the alkalies and alkaline earths; sili- 
ceous precipitates; c, ferruginous precipitates. 

a. Precipitates of the Alkalies and Alkaline Earths 

Calcareous Tufa or Sinter, Travertine, Stalactite, Onyx Marbles, 
are all forms of carbonate of lime deposited from solution, either 
around the vents of springs, or by percolating waters in limestone 
caverns, or in lakes and streanis. These deposits are made of cal- 
cite (or aragonite), are often very pure, and usually white, and more 
or less translucent, though they may be stained by other substances 
dissolved with the lime. In structure they are banded and show 
rings of growth, which distinguishes them from the organic lime- 
stones. The so-called “Mexican onyx ” or “ onyx marble^' is a 
beautifuly banded travertine derived from ancient spring deposits. 

Oolite is a limestone composed of minute spherules of carbonate 
of lime, cemented into a more or less compact mass, somewhat 
resembling fish-roe, whence is derived the name, meaning “ egg 
rock.’’ The spherules are made up of concentric layers of car- 
bonate of lime, deposited from solution around some nucleus, it 
may be a particle of sand or dust, or a calcareous fragment. The 
beach rock of a coral reef (p. 264) is made in this fashion, and 
calcareous sinter often has a similar structure. When the spheres 
are larger, resembling peas in size and shape, the rock is called 
pisolite. 
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Gypsum (CaS04.2H20) is deposited from solution in salt lakes 
^-nd lagoons, in which evaporation balances the influx of water 
(p. 224). When pure, gypsum is white, but it is often coloured 
gray, brown, or red, by iron stains, and it may even be black. 
It forms compact, crystalline, or fibrous beds, looking like lime- 
stone, but much softer and not effervescing with acid; portions 
of the beds may consist of transparent selenite crystals. The 
mineral sometimes occurs in the form of anhydrite (CaS04), but 
it is not known under what conditions the anhydrous sulphate 
has been deposited from solution. 


Fig. 147. — Piece of banded travertine polished, natural size 


Rock Salt (NaCl) is precipitated by evaporation from the dense 
brine of salt lakes and lagoons, following the deposition of gypsum, 
•which explains the very common association of the two rocks in 
successive beds. The salt may be present only as an ingredient of 
shale (saline shale), or may form thin layers, indicating brief periods 
of deposition, followed by freshening of the water. Again, it may 
occur in enormously thick masses, the result of long-continued 
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precipitation. One such mass, near Berlin, exceeds 4000 feet in 
thickness. Rock salt is often very pure, and then it is transparent 
and colourless; but it is frequently stained by iron, or mingled 
with dust blown into the lake or lagoon which deposited the salt, 
or mixed with clay and other mechanical sediments. 

h. Siliceous Precipitates 

These are much less common and extensive than the calcareous, 
and are formed under exceptional conditions. 

Geyserite, or Siliceous Sinter, is deposited in dense and hard 
masses around the mouths of geysers, partly by the evaporation 
of the water which holds the silica in solution, and partly by the 
action of Algae (see p. 192). Large terraces of this rock have 
been built up by the geysers of the Yellowstone Park. Geyserite 
also occurs as an uncompacted white powder. 

Chert (Flint or Homstone) forms exceedingly dense and fine- 
grained masses, wvhich the mici'oscope shows to be made up of 
very minute grains of chalcedony mixed with more cr less amor- 
phous silica and crystals of quarts. The mode of origin of these 
masses is not at all well understood, but is believed to be by 
precipitation from sea-water. 

c. Ferniginous Precipitates 

Bog and Lake Iron Ore results from the oxidation and conse- 
quent precipitation of ii*on circulating in solution in the soluble 
ferrous condition. The deposits often have a concretionary struc- 
ture, not uncommonly becoming oolitic, and consist of impure 
limonite, sometimes mingled with siderite. 

3. ORGANIC ACCUMULATIONS 

The organically formed rocks are those whose materials were 
accumulated by living beings, on the death of which more or less 
of their substance was preserved, added to by successive genera- 
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tions, and finally compacted into rock. In preceding chapters 
we have read of these processes as going on at the present time, 
in peat bogs, in the coral reefs, shell-banks, limestone plateaus, 
and organic oozes of the ocean. Similar processes have been 
at work in all the recorded ages of the earth’s history since the 
first appearance of living things, and very extensive rocks have 
thus been built into the solid crust of the globe. An exact 
classification would require us to place certain of these rocks 
among the mechanical sediments, because the actual work of 
accumulation was performed by mechanical agencies, such as 
waves and currents. But it will be more convenient to examine 
together all those rocks which are principally made up of organic 
materials, especially as it is not always easy to distinguish the 
results ri one mode of formation from those of the other. 

a. Calcareous A ccumulations 

Limestone is a very abundant, important, and widely distributed 
rock, the commonest of the organic accumulations. It is com- 
posed of carbonate of lime in varying degrees of purity, hardness, 
fineness of grain, and crystalline texture. Sand or clay is fre- 
quently present as an impurity, and by an increase in these mate- 
rials, the limestones pass gradually into sandstones and shales. 
In some varieties of limestone the organic nature of the rock is 
most obvious, shells, corals, crinoid stems, and the like being con- 
spicuously shown, especially on weathered surfaces. In other 
kinds the microscope is required to make this organic nature 
clear; while in others, again, the calcareous materials have been so 
ground Aip by the action of the waves, or so completely modified 
by crystallization, that all traces of organic structure have disap- 
peared. The example of the reef rock now forming in many coral 
reefs (p. 264) is a warning that the absence of even microscopic 
structure in a limestone cannot be relied upon as a proof that the 
rock is not of organic origin. 

The great limestones are almost entirely of marine origin, though 







CALCAREOUS ACCUMULATIONS 


quite extensive fresh-water limestones are known. The chemically 
formed ones are never very widely extended, though they may 
form quite thick masses. As a rule, the limestones are deposited 
in deeper water than the sandstones and shales, but not necessarily 
so, freedom from large amounts of terrigenous sediments being 
more important than depth of water. This is shown by the great 
calcareous banks of the Gulf of Mexico and the Caribbean Sea 
(p. 259), and coral reefs are always formed in water of less than 
twenty fathoms in depth. 

The classification of the limestones is very difFicult, and cannot 
be readily made on any single principle; mode of formation, 
purity, texture, and nature of organic material, all being employed 
for the purpose. 

Shell Marl is an incoherent and crumbling rock, formed prin- 
cipally at the bottom of fresh-water lakes and ponds, by the 
accumulation of shells; it frequently occurs beneath peat bogs, 
and is an indication that the bog arose from the choking up of a 
lake by vegetable growth. When the shells are cemented into 
a hard rock they form z. fresh-%vatef limestone. 

Chalk is a soft limestone of friable, earthy texture, and fre- 
quently very pure; in colour it may be snowy white, pale gray, or 
buff. The microscope reveals _ \ 


the fact that chalk is principally ' 
composed of the shells of Fora- 
minifera, and closely resembles 
the foraminiferal oozes forming 
to-day at the bottom of the sea 
(p. 2)0), A chalky deposit may, 
however, be formed from the 
debris of corals ground up by 
the waves. 

The ordinary massive marine fig. 148.— Chalk from Kansas x 45. 

limestones are named from the ^ photograph by the 

, i. i* i Geological Survey of Iowa) 

character of the organic mate- ^ 

rial which predominates in them. Thus, we have coral lim^* 
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stone ^ for aminiferal limestone^ up of the shells of very large 

extinct forms of the Foraminifera (Fusulina, Nummulites, GrbitO' 
lites, etc.), crinoidal limestone , shell Imiesione, and the like. 

Though much the larger part of the limestones is of animal origin, 
yet certain seaweeds contribute extensively to the formation of these 
rocks, and there is much reason to believe that chemical precipita- 
tion is of greater or less importance in nearly all varieties of the 
rock. Many of the massive limestones, which show little or no 
sign of disturbance, are quite cGnipletely crystalline, due to the 
action of water upon them. Calcite recrystallizes with the greatest 
ease, and the interior of coral-masses, which are still alive on the 
outside, may be so crystallized as to obliterate all traces of their 
original structure. 

Dolomite, or Magnesian Limestone, is a compact, granular rock 
of white, gray, or 3^elIow colour, composed of the carbonates of 
lime and magnesia. Nearly all limestones contain some carbonate 
of magnesia, but the name dolomite is given only to those with a 
considerable percentage of that substance (5 to so %). How far 
this rock is made up of the mineral dolomite, and how far it is 
merely a mixture of the two carbonates, is uncertain, as is also the 
way in which the rock was formed. Dolomite contains a much 
larger proportion of magnesia than the shells or tests of any known 
animals, and this ingredient must therefore have been added after 
the accumulation of the calcareous organisms. Opinions differ as 
to just how this has been accomplished, but probably the magnesia 
has been derived from the strong brine of lagoon.s and salt lakes. 
The frequent association of dolomite with gypsum gives additional 
probability to this view, A similar process has been observed in 
the lagoons of coral reefs at the present time (p. 266), and it has 
been shown that dolomitization takes place much more readily 
when the CaCOa is in the form of aragonite, as is the case in the 
shells and tests of many marine animals. 

Green Sand is not strictly a calcareous deposit, but has a natural 
connection wdth that series of rocks. Green sand is seen by the 
microscope to be largely composed of internal casts of foraminiferal 
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shells in the mineral glauconite (p. 19). The dead foraminiferal 
shells which lie upon certain areas of the ocean floor are gradually 
filled up with glauconite, and then the shells are dissolved, leaving 
the grains of the mineral, which retain the form into which they 
were moulded. This process is still going on, and has been ob- 
served at several points (p. 269). Glauconite also forms on the 
sea-door in nodules, cjuitc independently of foraminiferal shells. 


b. Siliceous Accimmlations 

The siliceous deposits of organic origin are very much less com- 
mon and less extensively developed than the calcareous, because 
of the relatively small amount of silica which is in solution in 
ordinary waters, and of the comparatively few organisms which 
secrete shells or tests of it. Nevertheless, these beds are of suf- 
ficient importance to require mention. 

Infusorial Earth is a fine white power composed of the micro- 
scopic tests, or frustules of the minute plants called diatoms. The 
fineness and excessive hardness of the particles make this an 
excellent polishing powder. Beds of this earth occur in both 
marine and fresh-water deposits. At Richmond, Virginia, is a 
celebrated deposit of this kind. 

Siliceous Oozes are exceedingly rare as rocks of the land; they 
consist of the tests of Radiolliria, such as are now accumulating 
in the deeper parts of the ocean (p. 172). The only land areas 
in which such deposits have been found occur in certain of the 
West Indian Islands (Barbadoes, Cuba, and others). 

Flint or Chert occurs in nodules or beds, especially in marine 
limestones, though it is also found among the sands and cla3?'s of 
certain fresh-water formations, as in Wyoming. Microscopic 
examination sometimes reveals the presence of sponge spicules 
and other siliceous organisms, but this is by no means always the 
case. As we have seen, the structureless cherts are believed to 
have been formed by chemical precipitation. 
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c. Ferruginous A ccmmdalions 

The iron deposits which can ]:)e referred to the activity of living 
creaturCvS are of small extent and importance, but certain of the 
bog-iron ores are believed to be due to the agency of diatoms^ 
Bacteria and Alga:^, which extract the iron from its dissolved state, 

6. Carbonaceous Accumulations 

The rocks of this group are formed, almost entirely, by the 
accumulation of vegetable matter and its progressive, though in- 
complete, decay under water. This decay is cf such a nature that 
the gaseous constituents diminish, while the carbon is removed 
much less rapidly, consequently the pro portion of the latter sub- 
stance steadily rises. All the varieties of carbonaceous rocks pass 
into one another so gradually, that the distinction between them 
seems somewhat arbitrary. From fresh and unchanged vegetable 
matter to the hardest anthracite there is an unbroken series of 
transitions. 

Peat is a partially carbonized mass of vegetable matter, brown 
or black in colour and showing its vegetable nature on the most 
superficial examination, though the parts which have been longest 
macerated are often as homogeneous and as line grained as clay, 
and reveal their true nature only under the microscope. 

Lignite or Brown Coal is a brown or black mass of mineralized 
and compressed peat, and though still plainly showing its vegetable 
nature, it does so less obviously than ])eat, being more carbonized. 
It is an inferior fuel, though often very valuable in regions where 
other fuel is scarce or entirely wanting. 

Coal is a compact, dark brown or black rock, in which vegetable 
structure cannot be detected by the unassisted eye, though micro- 
scopic inspection seldom fails to reveal it. Coal is found in beds or 
strata, xnterstratified with shales, sandstones, and, less commonly, 
limestones. The different kinds of coal vary much in hardness and 
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chemical compositioiij but they are all connected by intermediate 
gradations. BUuminoii^ Coal has (neglecting the ash) 70 to 75 % 
of carbon and 25 to 30 % of volatile matters, chiefly hydrocarbons, 
which are driven off on destructive distillation. Under the term 
hUiminous are included many varieties of coal, which differ 
much in their behaviour and in their value for different purposes. 
Anthracite is a hard, lustrous coal, that is nearly pure carbon 
(aside from the ash) and has little or no volatile matter; it burns 
without smoke or flame and gives an intense heat. Sewihittimi- 
nous or Steam Coal is intermediate in character and composition 
between the bituminous and anthracite varieties. 

Cannel Coal does not belong in the series of coals above enu- 
merated, but forms a very distinct variety. It occurs in lenticular 
patches, not in beds, and is very compact, though not very hard or 
heavy. This coal has from 70 to 85 % of carbon and the high pro- 
portion of 6 to 7% of hydrogen, giving off large quantities of gas 
when heated, and burning with a white, candle-like flame. Even 
with the microscope, it is difficult to detect the vegetable structure of 
cannel, so thoroughly has the material been macerated. Evidently, 
cannel is an exceptional coal and has been formed in a somewhat 
peculiar way. While the ordinary coals evidently represent ancient 
peat bogs, which by subsidence allowed the sea, or other body of 
water, to overflow them and were thus sealed up and buried under 
sedimentary deposits, cannel was formed in pools of clear water, 
in which vegetable matter was accumulated and very completely 
disintegrated. This is shown not only by the shape of the coal 
patches, but also by the fossil flsli not infrequently found in cannel. 

The following table (from Kemp) displays the composition of 
the typical varieties of coal, not including the ash: — 
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The Hydrocarbons. — The great economic importance of these 
substances requires that brief mention of them be made, though 
they can hardly be considered abundant as rocks. The natural 
hydrocarbons of the earth’s crust belong principally to the methane 
series, with the general formula C, ft, 1^2- "The most abundant 
are marsh gas (CH4), petroleum^ a mixture of several hydrocarbons, 
which are liquid at ordinary temperatures, and asphalt^ which is 
solid or extremely viscous, and results from the oxidation of 
hydrocarbons. The hydrocarbons impregnate porous or shattered 
rocks, which they have invaded from below, and are frequently 
retained under great pressure by overlying impervious beds. Natu- 
ral gas and petroleum tend to collect in the upward arches (anti- 
clines) of folded beds, and when these reservoirs are tapped by the 
drill, the oil and gas rise in spouting wells which may continue to 
flow for many years. 

While certain eminent chemists have maintained the inorganic 
origin of the hydrocarbons, there is no evidence that they actually 
were formed in this way, and nearly all geologists are agreed that 
they have been derived from the fatty and oily parts of organic 
accumulations, both animal and vegetable, at high temperatures 
and pressures. That such a mode of generation is at least possible 
has been demonstrated experimentally, and the geological mode 

dccurrence of these hydrocarbons renders the hypothesis of their 
.J^y'^&rivation from organic substances extremely probable. Petro- 
#*leum is found in rocks of a very wide range in geological time, and 
* the various oil-fields of the United States are of very different geo- 
logical dates. 

Asphalt is found in beds interstratified with ordinary sediments 
or in cavities and fissures of the rocks, or impregnating porous lime- 
stones and sandstones. 

II. ^oLiAN Rocks 

The rocks formed on dry land form less of the earth’s crust 
than do the aqueous rocks, but they have a special importance 
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because of tbe hints which they often give as to the physical geog^ 
raphy of the place and time of their formation. 

Blown Sand is heaped up by the wind into dunes, and displays 
an irregular kind of stratification. The sand-grains, abraded by 
their contact with hard substances, are smaller, more rounded, 
and less angular than the grains of river or even beach sands. 

Drift-sand Hock (also called leolian rock) is the consolidated 
sand of dimes. If the sand contains any considerable quantity 
of calcareous matter, the solution and redeposition of this by per- 
colating waters binds the sand into quite a firm rock. The cal- 
careous sands of Bermuda give an often quoted example of. this. 

Tains gathers at the foot of cliffs in large masses, and in many 
deserts it forms great sheets. 

Breccia is a rock composed of angular fragments cemented by 
deposition of material, commonly CaCOg, in the interstices; the 
fragments may be any kind of rock. Breccia is also found in zones 
of fracturing and shattering of the rocks along fault-planes, 
and is then called d. Jatdt-breccia. 

Soil. -— In Chapter IV it w^as shown that soil is mainly the 
residual product left by the atmospheric decay of rocks, and that 
its surface layers contain more or less organic matter and are filled 
with the roots of plants. Soils may be buried under aqueous 
deposits by fioods, or after subsidence marine deposits may .be - 
built up upon the soils, which are then interstratified with marine 
rocks. Ancient soils have been frequently preserved in this manner^ 
filled with fossil roots, and sometimes with the stumps of trees still 
standing upon them. 

Loess. — A very fine grained terrestrial deposit, usually unstrati- 
fied and wdth a vertical cleavage. It is quite firm and may even 
become hard and stony (see p. 190). 

In logical order, the Metamorphic Rocks would next come up 
for consideration; but since we have, as yet, learned nothing of. 
the processes by which these rocks are formed, it will be best to 
defer the study of this class to a future chapter, when the rocks 
and their mode of formation will be examined together* 


CHAPTER XII 

THE STRUCTURE OF ROCK mSSES— STRATIFIED ROCKS 

In the preceduig chapter we have studied the rocks which make 
up the crust of the earthj so far as that is accessible to observation. 
It remains for us to inquire how these rocks are arranged on a 
large scale, and to what displacements and dislocations they have 
been subjected since the time of their formation. Examined with 
reference to the simplest and broadest facts of structure, we find 
that rock masses fall into two categories: (i) Stratified Rocks, and 
(2) Unstratified or Massive Rocks. A very brief examination will 
show us that these two categories correspond respectively to the 
sedimentary and igneous divisions of the classification according to 
r|bde of origin, neglecting, for the present, the metamorphic class. 

:We shall begin our study of rock masses with the stratified 
series, because their structure and mode of occurrence are, on the 
wltole, the simplest and most intelligible, and tell their own story. 

. The unstratified series, on the other hand, can be understood only 
;,,b3^.^termining their relation to the former, 

^ /,;l^^^ratified rocks form more than nine-tenths of the earth’s 
surfac^ and if the entire scries of them were present at any one 
they would have a maximum thickness of about thirty miles, 
:^ut no such place is known. The regions of greatest .sedimentary 
accumulation are the shallower parts of the oceans, while those 
regions which have remained as dry land, through long ages, may 
not only have had no important additions to their surfaces, but 
have lost immense thicknesses of rock through denudation. The 
great oceanic abysses are also areas of excessively .slow sedimen- 
' ta^on, and thus the thickness of the stratified rocks varies much 
ftqm point to point, a variation which has been increased by the 
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irregularities of upheaval and depression and of did'erent rates of 
denudation. Even with this irregularity |n the formation and re- 
moval of the stratified rocks, it would W exceedingly difficult, if 
not impossible, to investigate the entire series of them, if they had 
all retained the original horizontal positions in which they were 
'ffirst laid down. In many places, however, the rocks have been 
steeply tilted and then truncated by erosion, so that their edges 
form the surface of the ground, and thus great thicknesses of them 
may be examined without descending below the surface. 

Stratification, or division into layers, is the most persistent and 
conspicuous characteristic of the sedimentary rocks. In studying 
the sedimentary deposits of the present day (Chapter VII) we 
learned that by the sorting power of water and wind, heterogeneous 
material is arranged into more or less homogeneous beds, separated 
from one another by distinct planes of division, and the same thing 
is true of the sedimentary rocks of all ages. This, division into 
more or less parallel layers is called stratification^ and the extent 
to which the division is carried \^aries according to circumstances. 

A single member, or bed, of a stratified rock, whether thick or 
thin, is called a layer^ though for purposes of distinction, exces-. 
sively thin layers are called lantime. Each layer or lamina repre- 
sents an uninterrupted deposition of material, while the diYisi^ps. 
between them, or bedding planes, are due to longer 
pauses in the process, or to a change, if only in a film, of the i^|erialj 
deposited . A siraium is the coll ec t ion of layers o f the same, fliyeral? 
substance, which occur together and may consist of one or 
layers. Ho weaver, the term is not always employed in just this 
sense and often means the same as layer. The passage from one'’ 
stratum to another is generally abrupt and indicates a change in 
the circumstances of deposition, either in the depth of water, or 
in the character of the material brought to a given spot, or in 
both. So long as conditions remain the .same, the same kind of 
material will accumulate over a given area, and thus immense thick- 
nesses of similar material may be formed. To keep lip si^h 
equality of conditions, the depth of water must, remain constant, 
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and hence the bottom must subside as rapidly as the sediment 
accumulates. 

Usually, a section of Thick rock masses shows continual change 
of material at different levels. Figure 149 is a section of the rocks 
in Beaver County, Pennsylvania, in which several difei'ent kinds of 
beds register the changes in the physical geography of that area. 
At the bottom of the section is a coal seam (No. 1), the con- 

.gn solidated and carbonized vegetable matter 

which accumulated in an ancient fresh- 
Next came a subsideiice of 


water swamp. 

the swamp, allowing water to flow in, in 
which were laid down mixed sands and 
gravels (No. 2). The accumulations even- 
tually shoaled the water and enabled a 
second peat swamp to establish itself; this 
is registered in the second coal bed (No. 
3), the thinness of W'hich indicates that the 
second swamp did not last so long as the 
first. Renewed subsidence again flooded 
the bog, as is shown by the stratum of 
shale (No. 4) which overlies the second 
coal bed. Next, the water was shoaled by 
an upheaval, and argillaceous sands were: 
laid down, which notv form the flaggy sand- 
stones (No. 5) overlying the shale. The 
twenty-five feet of sandstone, aided by 
continued slow rise, silted up the water and allowed a third 
peat bog to grow, the result of which is the third coal seam (No. 
6), while a repetition of the subsidence once more brought in 
the water, in which were laid down the seventy feet of gravel at the 
top of the section. In this fashion the succession of strata records 
the changes which w'ere in progress while those strata were forming. 
Whether the beds, other than the coal seams, were laid down in 
f^sh water, or in salt, by a lake, a flooded river, or the sea, may be 
determined from the fossils contained in those beds. In the 


;* 149. — Section in coal 
n) ensures of western 
Pennsylvania. (White) 
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absence of fossils it is not always possible to make the dis- 
tinction. 

Somewhat similar changes in the strata may be occasioned by 
the steady lowering of a land surface through denudation. This 
diminishes the velocity of the streams, which, in its turn, changes 
the character of the materials which the rivers bring to the sea. 

We have no trust wortliy means of judging how long a time was 
required for the formation of any given stratum or series of strata, 
but it is clear that different kinds of beds accumulate at very 
different rates. The coarser materials, like conglomerates and 
sandstones, were piled up much more rapidly than the shales and 
limestones; so that equal thicknesses of different kinds of strata 
imply great differences in the time required to form them, Com- 
paring like strata with like, we may say that the thickness of a 
group of rocks is a rough measure of the time involved in their 
formation, and that very thick masses imply a very long lapse of 
time, but we cannot infer the number of years or centuries or 
millennia required, 

(geological chronology can be relative only. Such a relative 
chronology is given in the section that we have' examined by the 
order of succession of the beds. Obviously the lowest stratum is 
the oldest and the one at the top the newest. This may be put as 
a general principle, that, imless strata have lost flmr original posi- 
tion through disturbance or dislocation^ their order of sKperposi^^^.. 
tion is their order of relative age. It is for this reason that in ^ 
geological sections the strata are numbered and read from below 
upward. 

Change in the character of the strata takes place not only verti- 
cally, but also horizontally, since no stratum is universal, even for 
a single continent. Our study of the processes of sedimentation 
which are now at work, showed us that the character of the bottom 
in the ocean or in lakes is subject to frequent changes, varying 
with the depth of water and other factors. The same is true of 
the ancient sea and lake bottoms, now represented by the strati- , 
fied rocks of the land. Strata may persist with great evenness ^ 
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and uniform thickness over vast areas, and in such cases the bed- 
ding planes remain sensibly parallel. But sooner or later, the beds, 
whenever they can be traced far enough, are found to thin out to 
edges and to dovetail in with beds of a different character. When 
the strata are of constant thickness for considerable distances, and 
the bedding planes remain parallel, the stratification is said to be 
regular. In many cases these changes take place rapidly from 
point to point, and then the strata are plainly of lentkidar shape, 
thickest in the middle, thinning quickly to the edges. Here the 

bedding planes are distinctly not 
ixp:j ' parallel, and the stratification is 

— irregular. 

An example of rapid horizontal 

ESSSS» changes is given in the two accom- 

IIpIp panying parallel sections (Fig. 150), 
taken through the same beds, only 
HiM twenty feet apart. In these sec- 
tions the differences of thiekness of 
the coal seams and of the sands 

and clays which separate them are 

JZtip very striking. 

..-'iSSS The finer details of structure of 
the stratified rocks, such as cross- 
bedding, ripple and rill-marks, rain- 

■'rvl'" r prints, tracks of animals, and the 

like, likewise afford valuable testi- 

mony as to the circumstances under 

Fig. Parallel sections near whicli the rocks Were laid down. 

Colorado Springs, Col. (Hay- Concretions^ or Nodules , are de- 
V — veloped after the formation of 
strata. They are balls or irregular lumps of a material differing 
from that of the stratum in which they o:cur. They are not peb- 
bles, which are older than the stratum which contains them and 
which were embedded just as we find them, but are younger than 
the stratum and were formed subsequently. This is shown by the 
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Fig. iji. — Concretions in Laramie, sandstone, exposed by wcadiering. 

(U. S. G. S.) 

been built up, often in concentric layers, around the nucleus. 
One form of concretion, known as a septarium^ is divided inter- 
nally by radial cracks, which were subsequently filled up with some 
mineral deposited from solution by percolating waters. 

The agency which produces concretions cannot as yet be ex- 
plained, The material of which they are made must have been 







iiili 


scattered through the stratum and then gathered together at a 
later period. Such nodules have been observed in the process of 
formation in modern sediments, and it has further been noticed 
that when finely powdered substances are mixed togctlier, certain 
of them do segregate into lumps. These observations, however, 
merely confirm the conclusion that concretions arc clue to segre- 
gation of scattered material in the stratum; they give us no ex- 
planation of the fact. 


Fig. 152. — Ironstone concretion, split open to snow the fossil leaf which forms the 
nucleus j Mazon Creek, Illinois 


The commonest concretions are those of clay in various kinds 
of rock, of flint and chert in limestone, and of ironstone in clay 
rocks. 

Displacements of Steatified Rocks 

It is evident that the stratified rocks which form the land must 
have been changed, at least relatively, from the position which 
they originally occupied, since the great bulk of them were laid 
down under the sea. Originally they must have been nearly 
horizontal, for this is a necessary result of the operation of gravity. 
Just as a deep fall of snow, when not drifted by the wind, gradually 
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covers up the minor inequalities of the ground and leaves a level 
surface, so on the sea-bottom the sediments are spread out in 
nearly level layers, disregarding ordinary inequalities. We must 
remember, however, that this original horizontality is not exact, 
and departures from it are not infx*equent. On a large scale, these 
departures from the horizontal position are very slight, while those 
that are conspicuous are local. 

Examples of such original deviations from horizontality are the 
h)llowing: (i) When a sediment-laden stream or current empties 
abruptly into a deep basin with steeply sloping sides, the sediment 
is rapidly deposited in oblique layers, which follow the slope of 
the sides (Le. foreset beds). (2) Alluvial cones, or fans (p. 202), 
have steeply inclined layers, for a similar reason. Both of these 
cases resemble the artificial embankments which arc built out by 
dumping earth or gravel over the end, until each successive section 
is raised to the necessary level. In such embankments the obliquity 
of the layers is often plainly visible, (3) Sand beaches often have a 
considerable inclination, as much as 8%, and newly added layers 
follow this slo],)e. (4) On a large scale, the great sheets of sedi- 
ment that cover the sea-bottom generally have a slight inclination 
away from the land, with a somewhat increased slope along lines 
of depression. These slight original inclinations of sedimentary 
masses, either as a whole, or along certain lines, are called initial 
dips^ and have an important Ixearing upon the results of subsequent 
movements of displacement. 

The displacements to which strata have been subjected after 
their formation are of two principal kinds: (i) In the first kind, 
the strata have been lifted vertically upward, often to great heights, 

, without losing their horizontality. Over great areas of our Western 
vStates and those of the Mississippi valley, the beds are almost as 
truly horizontal as when they were first laid down. In some of 
the lofty plateaus through which the Grand Canon of the Colorado 
has been cut, almost horizontal strata are found 10,000 feet above 
the sea-level. (2) More frequent and typical are the displacements 
of the second class, by which the beds are tilted and inclined , at 
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various angles, sometimes bringing the strata into a vertical posi- 
tion, and occasionally even overturning and inverting them. In 
the comparatively sin ill exposures of strata which may be seen 
in ordinary sections in cliffs and ravines, the rocks appiear to be 
simply inclined, and the strata theniselves to be nearly straight. 
But when the structure is determined on a large scale, it is often 
found that this appearance is due to the limited area visible in one 
view, and that the a|.)parently straight beds are really portions of 
great curves. Such curves are called /eMv. 

Dip, — 'Fhe angle c)f inclination which a tilted stratum makes 
with the plane of the horizon is called the dip^ and is measured in 
degrees. "Fhe line or i.Hrecticvn of the di]3 is the line of steepest in- 
clination of the di])])ing bed, and is ex])rcssed in terms of compass 
bearing. For example, a stratum is said to have a dip of 15"^ to 
the northwest. The angle of dip is measured by means of an instru- 
ment called a clinometer, of which many kinds are in use. 

Strike. — The line of intersection formed by the dipping bed 
with the plane of the horizon is called the line of strike and is 
necessarily at right angles to the line of dip. (See Fig. 154.) If a 
piece of slate be held in an inclined position and lowered into a ves- 
sel of water, the wet line will rejirescnt the strike. As long as the 
direction of the dip remains constant, the line of strike is straight, 
but as the directum of the dip changes, the strike changes also, 
always keeping at right angie.s to the dip, and in such cases as the 
Appalachian Mountains the lines of strike are sweeping curves. 

Outcrop is the line along which a dipping bed cuts the surface of 
the ground, and is, of course, due to erusion, which has truncated 
the folds of strata. Except in the case of fractured beds, which 
will be considered in the following section, if there were no erosion,, 
there could be no outcrop. When the surface of the ground is 
level, outcrop and strike become coincident, because the surface 
then is practically a horizontal plane. With the dip remaining con- 
stant, the more rugged and broken the surface becomes, the more 
widely do strike and outcrop diverge. For a given form of surface, 
outcrop and strike differ more w'hen the beds dip at a low angle 
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than when the dip is steep, for when the strata are vertical, outcrop 
and strike again coincide, and the more nearly the strata approach 
verticality, the more closely do the two lines come together. 

Having digressed to make these necessary definitions, we may 
now return to the subject of folds. 

Folds present themselves to observation under many different 
aspects, all of which may be regarded as modifications of three 
principal types. 


Fig. 153. — Symmetrical folds anticline on left, and syncline on right, 

(U. S, G, S.) 

(i) The Antidim is an upward fold or arch of strata, from 
the summit of which the beds dip downward on both sides. The 
curve of the arch may be broad and gentle, or sharp and angular, 
or anything between the two. The line along which the fold is 
prolonged is called the mitidinal axis and may be scores of miles 
in length, or only a few feet. This may be illustrated by an or- 
dinary roof, which represents the two sides or limbs of the anti- 
cline, while the ridge-pole will represent the anticlinal axis. 
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Wliethei lonp; or short, the fold eventually dies away, and thus the 
summit of the areh is not perfectly level, but more or less steeply 
inclined, and this inclination is called the pitch of the fold. .Ip 



FlO. i'54. Model of iinfiiiUne. ;ixii> pitcltiiig to the ielt ; .S’ line of stiikc; 
Dt line of clip, 'riie dottcdd line is the pianu of the axis. (Willih.) 

arcordaiK’e with the length of the axis and the steepness of the 
pitch the uneroded anticline is either short and dome-like^ or 
eknigate and cigar-.shaped* 


(2) The Syndine is the complement of the anticline, and in 
this the beds are bent into a downward fold or trough, dipping 
from both sides toward the bottom of the trough, which forms the 



Fia, 155. Model of syndine, (WiUis) 


longitudinal symeiinai axis. As in the anticline, the axis may be 
long or short, with gentle or steep pitch, forming long, narrow, 
canoe-shaped valleys, or oval, even round, basins. In section 
the syncline may be shallow and widely open, or with steep sides 
and angular bottom. 
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Domes and Basms are special cases of anticlines and synclines, 
Tlie dome is an anticlinal fold in which the axis is reduced to 
2;cro, the dip of the beds being downward in all directions from 
the summit of the dome. As the dip cluinges, the strike changes, 
describing an oval or circle. Similarly, the basin is a syncline 
with axis reduced to zero, the beds dipping downward from all 
sides to the bottom of the basin, and the strike forming the edge 


Fig, 156. — Anticline near Hancock, Md. (U. S. G. S.) 


of the basin. The term basin is used in different senses, and it 
is necessary to distinguish carefully between a basin of folding and 
one which has been excavated by erosion. 

It is rare to find a single anticline or syncline occurring by itself; 
very much more frequently they are found in more or less parallel 
series, each pair of anticlines connected by a syncline. At one 
end of the system we may find several axes converging and unit- 
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ing into a single fold, and they all die away sooner or later, the 
pitch of the folds coinciding with the dip of the beds. 

Antidimriim and Syndinorium . — The system of roughly 
parallel folds which arc grouped together may be, when regarded as 
a whole, either anticlinal, rising up into a great compound arch, or 
synclinal, depressed into a great compound trough. The former 
is ('ailed an anticlinorium, and the latter a synclinorium. The 
secondary fnlrls which compose one of these systems may them- 
selves ])e rompoiind anrl made up of many su]>ordinatc folds, the 
smallest of which can be detected only w'ith the microscope. 



Geantidim and Geosyndine , — The folds and flexures which 
we have so far examined are those which affect the strata at the 
surface or at comparatively moderate depths. It is quite impos- 
sible that the whole crust can be involved in folds of such small 
amplitude. The crust is, however, subject to flexures of its owm, 
which are characterized by their great width and gentle slope. 
Such flexures have been named by Dana geanticlines and geo- 
synclines, to express their importance for the earth as a whole. 
The great thickness of sediments which form the Appalachian 
Mountains (exceeding 25,000 feet) wais laid down in an immense 
geosyncHnal trough, which through long ages slowly sank as tlie 
vsediments accumulated. The rate of subsidence so nearly equalled 
the rale of deposition, that almost the entire thickness was accumu- 
lated in shallow water, as is indicated by the character of the rocks 
, themselves. Geanticlines are less easy to detect, but there is evi- 
dence to sho^v that they do occur on an equally great scale. 

' Folds may be classified either in accordance with the relation 


FOLDS 


33i 



Fig, 158. — Diagrams of folds. (WiJlis.) i. Upright or symmetricai open folds. 
32 , Asymmetrical fold, open. 3. Asymmetrical fold, closed and overturned. 
4, Symmetrical fold, dosed. 5. Closed anticline, overturned. 6. Closed anti- 
dine, recumbent 

Upright or SymmetricaL — In this case the two limbs of the fold 
dip at the same angle in opposite directions, the plane of the axis of 
the flexure is vertical and bisects the fold into equal halves. In 
asymmetrical y or inclined, folds the opposite limbs have different 


which their opposite limbs bear to each other, or with reference 
to the degree of compression to which they have been subjected. 
Using the first method, we may distinguish the following varieties. 
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angles of dip, the axial ]>laiie is oblique and divides the ilcxure into 
more or less dissimilar parts. When one limb has ]>een })ii.shed 
over [last the per})endicular, the fold is said to be overturned or in- 
verted^ and when this has gone so far that one of the limbs becomes 
nea rly < )r ( | iiite horizon tal, the fold is recumJwnt, 


Fig. 159. — Asymmetrical open fold, High Falls, N.Y. (Photograph by van Ingen) 


According to the second mode of classification, we have a some- 
what diffcTenl series of terms; but both methods have their uses 
and must be employed. 0pm folds are those in wdiicli the limbs 
are widely separated; strata with open, gentle flexures are said to 
. be undulating. Closed folds are those in which the limbs of the 
j. flexures are in contact and any further compression must be re- 
lieved by a thinning of the beds. Contorted strata are thrown 
y. 'toto closed folds, which are connected by sharp, angular turns. 
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Plications arc intense crumplings and corrugations of the strata. 
Isoclinal folds are those which have been so bent back on them- 
selves that the limbs of the flexures are all parallel, or nearly so. 
When a series of isoclines has been,, planed down by erosion to a 
level, the strata show a continuous, uniform dip and present a 
deceptive ajipearance of being a simple succession of tilted beds. 
A still further comjiression of isoclinal folds produces fan folds » 



Fro, t6o, — Overhxvned sharp fold; Big Horn Mountains, Wyoming. The con« 
spicuous white stratum is sharply bent on itself about the middle of the moun- 
tain face, in reversed Z-shape. (U. S* G. S,) 


In this structure the anticline is broader at the summit than at 
the base and the syncliiie broader below than above, a reversal 
of the normal arrangement. 

The isoclinal and fan folds may be upright, inclined, Inverted, 
or recumbent. In the dosed folds there has been such enor- 
mous compression that the same strata are of different thickness 
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in different parts of the flexure. This is especially marked in fan 
folding, in which the beds are much thinner on the limbs than at 
the summit, and sometimes the central beds in the folds have 
been actually forced to flow upward or downward, forming iso- 
lated masses cut off from their original connections. 


Fig. 163. — Inclined isoclinal folds, eroded. (Willis) 

Besides the simple folds above described, there are frequently 
found complex systems of flexures, in which the compressing force 
has acted simultaneously or successively in different directions, 
producing highly complicated cross folds. These are, however, 
often extremely difficult to work out, and in an elementary book, 
intended for the beginner, it is not necessary to do more 
mention them.' : 
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clinal flexure is a single, sharp bend connecting strata which lie at 
different levels and are often horizontal except along the line of 
flexure. Folds of this character are very common in many parts 
of the West, especially in the high plateau region of Utah and 
Arizona. 


CHAPTER XIII 


FRACTURES AND DISLOCATIONS OF ROCKS 

The rocks arc often iinaljle t;o accommodate themselves by ]:)end- 
ing or plastic (low to the stresses to vvliich they are siibjecteclj and 
therefore break, usually with mr)rc less dislocation. A simple 
fracture, not accompanied by dislocation, is called 'o. fissure, and 
the strata on the two sides of the fracture are the same at correspond- 
ing levels, so that the crack was evidently made through continuous 
beds. 

Faults 

When the strata on one side of a fissure have been shifted in any 
direction relatively to the beds on the other side, so that the strata, 
which were once continuous across the fracture, are now, separated 
by. a vertical in.ter\'a] and lie at different levels, the structure is 
called a fiauli. We have learned that faulting is an accompaniment 
of many great earthquakes (see Chapter I), and these modern 
faults show that the movement may be in any direction, vertical, 
horizontal, oblique, or rotalionak “Whenever the rocks of the 
eartlPs <‘rust are subjected R* strain, fractures take place in them as 
In any other body under similar conflitinns, and the different parts 
of the rock tend Uf move past one another along the fradure-planes, 
seeking to obtain relief from tlie strain and to accommodate them- 
selves to new conditions. In this movement one part of the frac- 
tured rock-mass may move upon the other in any direction, up, 
down, sidewise or obliquely, according to the conditions, which are 
different in each instance.’’ (Spurr.) 

It is obvious that faulting displays highly complex phenomena, 
which cannot be adequately presented by diagrams, since three 


FAULTS 339 

dimensions are involved, and the simple cross-section may be 
altogether misleading. To add to the difficulty, movements fre- 
quently occur at intervals along the same fracture-planes, but, it 
may he, in entirely different directions, so a vertical movement 
may ])e succeeded l)y a horizontal one, or z'fe versa, and the 
final outcome may be the resultant of many different movements. 
It is very Unfortunate that several of the terms used in the de- 



FlG. 167. — Normal fauH, fault-plane hading against dip of beds; d' c, throw; d 
heave; stratigraphic throw, which in this case is measured along the fault- 
plane, because the latter happens to be at right angles to the bedding-planes. 
The angle is the angle of hade; the angle of dip. Foot-wall to the; 
right of the fault, and hanging wall to the left, — N.B. The line should 
have been drawn from the toJ> of the obliquely lined bed, slightly increasing 
both throw and heave 

.s('ri]>tion of faults, adopted from the miners by English geologists, 
should in American practice have acquired meanings quite cliEcr- 
ent from those originally given to them, so that the student finds in 
different books the same terms employed in different senses. The 
following definitions are those commonly to be found in the text 
books : — 

Faults are usually inclined, and the . angle of inclinationj 
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measured from a vertical plane, is called the liadCy or slope y of the 
fault, while the dip of the fault, like that of a stratum, is measured 
from a hori/.ontal plane, and is thus the complement of the hade. 
For example, if the fault is vertical, the hade == o, and the dip = 90° 
if the fault is horizontal, the hade go°, and the dip = o, while a 
hade of 45® gives a dip of the same amount. The side on which the 
beds lie at a higher level than their continuations on the other side 
of the fault jdane is called the npthroio side and the other is the 
downthrow sidcy without reference to the actual diredion of the 
movement. ( )wing to the inclination of the fault, the rocks on one 
side- project over those on the other, and are hence called the hang- 



FlCi, 168. — Normal fault hading with dip of beds. stratigraphic throw; 
throw ; CB^ heave 


ing wally and the side which projects undeneath the other is called 
the foot-walk Either the Imnging or the foot-wall may be on the 
upthrow or the downthrow side, according to the nature of the fault. 
The vertical displacement lieiwcen the fractured ends of a given 
stratum is called the throw (Idcy Fig. 167) and the heavCy or hori- 
zontal throw-', is the horizcmtal distance through which one end of a 
faulted bed ha.s lieen carried past the corresponding end on the 
other side of the fault-plane (bCy Fig. 167). When the movement 
has been vertical, the heave is due to the obliquity of the fault and 
therefore increases, in proportion to the throw, as the hade in- 
cri^ses, A fault with plane perpendicular to the surface has no 
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heave, for it has no hade. Offset is the distance between the two 
corresponding ends of a faulted bed, measured on a horizontal 
plane and usually applied to the outcrop (see Fig. 177, III). 
The stratigraphic throw is the thickness of beds which is included 
between the two fractured ends of a faulted stratum and is taken at 
right angles to the bedding-planes. {DB, Fig. 168.) 

The throw of faults varies greatly in different cases, from a frac- 
tion of an inch up to thousands of feet. In those of small throw 


Fault-breccia of limestone 


the plane of fracture is frequently a clean, sharp break; but in the 
greater faults the rocks in the neighbourhood of the fault are often 
bent, crushed, and broken, forming a confused mass of fragments, 
large and small, which may be cemented into a breccia, which is 
then called faiilt-hreccia or fault-rock. In soft rocks the fault is 
always closed by the immense weights and pressures involved, but 
in rigid rocks it may remain partly open, especially if the break be 
not a plane, but of curved, warped, and irregular course, as is 
usually the case. The term fault- plane is thus rarely accurate, 
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though it is constantly employed as a mutter of convenience. In 
faults of considerable throw the ends of adjoining strata are apt to 


, FiG. 170. — Vertical sHckensides; Rondout, N.Y. (Photograph by van Ingen) 

be bent more or less sharply upward or downward, in accordance 
with the direction of movement. This is drasi (Fig. 1 78). 
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In the more rigid rocks the friction of the masses grinding against 
one another on the fault-plane grooves and polishes them, which 
produces the characteristic appearance known as slickensides. 
The grooves or strite indicate the direction of the last movement 
along the fault-plane, for ordinarily this last movement obliterates 
the earlier striae, but does not always do so, for we sometimes find 
cases in which two, or even three, sets of strix are preserved, each 
demonstrating motion in a different direction. 


Limestone faulted on bedding-planes, with vertical slickensides ; Ron- 
dout, N.Y. (I^hotograph by van Ingen) 


In stratified rocks faults usually break across the strata, separat- 
ing each bed into two or more parts, according to the number 
of dislocations, yet sometimes the fault-planes coincide with the 
bedding planes, which are slickensided, pushing each stratum 
upon those above and below it, but without fracture, 

, The preceding discussion of faults deals only with those of stratk 
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fied rocks> but this is merely because such displacements are the 
easiest to observe. As a matter of fact, dislocations may and do 
traverse rocks of all kinds, but it may be quite impossible to detect 
a fault, even one of great throw, in a thick, homogeneous, crystalline 
mass, for lack of any definite points of reference on the two sides 
of the fault-])lane. On the other hand, in thinly laminated rocks 


Minute vertical fault, of .recent date, interrupting glacial strise. 
(G. F. Matthew) 


with welbdefined colour lines the most minute displacements are 
strikingly apparent. 

It is customary in geological literature to apply the term fault 
to any dislocation of the rocks, in which the broken ends of the beds 
are carried past one another, yet, used in this manner, it includes 
structures of very different significance, produced in dissimilar 
ways. It therefore seems advisable to distinguish between the 
Wo main classes of structure by removing thrusts altogether from 
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the category of faults. Used in this restricted sense, faults are 
those dislocations which generally tend toward the vertical and occur 
in horizontal, inclined, or but slightly folded strata, which, to all 
appearance, have been subjected to tension rather than compression, 
though the latter frequently occurs locally, while thrusts tend to be 
horizontal and are found in regions of violent compression. The 
classification of faults is even yet the subject of vigorous discussion, 
and no general agreement has been reached, so that the following 
scheme is to be taken as merely tentative, though it departs but 
little from the customary plan, except in the complete separation 
between thrusts and reversed faults, which has been advocated by 
many writers. In the present state of knowledge, however, any 
scheme of classification has an undue appearance of exactness. 


Dislocations 


Faults < 


Thrusts 


I. Radial 


a. Strike 

r. Normal ^ Dip 

c. Oblique 


2. Reversed 


II. Horizontal 
III. Pivotal 

I, .Scission 
IT. Fold 
III. Surface 


I. Radial Faults are those in which the })rincipal component of 
the movement has been upward, downward, or both, though sub- 
ordinate movements of tilting and rotation frequently occur. 
However, it is not always possible to tell from the observed data, 
whether tlie chief movement was vertical or horizontal, for in cer- 
tain circumstances the results are so deceptively similar. Accord- 
ing to prevalent belief, the radial faults comprise the great majority 
of dislocations, and horizontal movements are comparatively rare, 
but recent exact studies indicate that this opinion is at least 
an exaggeration and that horizontal movements are far from 
uncommon. , 
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I. Noraial Faults (also called gravity faults) are those in -which 
the fault-plane inclines or hades toward the downthroAv side, which 
forms the hanging wall. ‘‘ It seems best to use the term nomial 
to cover those faults in which, using the horizontal ])lane as datuiri, 
the hanging wall has cht)pped relative to the foot.’’ (J. A, Reid.) 
Locally, at least, a normal fault implies an extension of an arc of the 
earth s surface, for the beds occu])y a greater space, measured across 
the fault, than they did ])efore faulting occurred. The normal 
faults may be divided into three groups, as shown in the table. 



a. Strike-faults arc those which run parallel, or nearly so, to the 
strike of the beds. To this group belong the great normal faults, 
great both as to length and throw, though they may be extremely 
minute, or of any order of magnitude between these extremes; 
They may die out in a few yards, or run for hundreds of miles, and 
may be simple or compoxind, single or Ijranching. A compound 
/fault is made up of a number of parallel dislocations, placed close 
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together, which may hade in the same, or in opposite directions, 
but in the latter case one hade prevails over the other. A scries 
of parallel faults, wider apart than those of compound faults, and 
all hading in the same direction, are called step-faults. If two par- 
allel dislocations are inclined toward each other, they form a 
trough-fault and include a wedge-shaped mass of rock, which is on 
the downthrow side of both displacements, while if they incline 


FiG. 174. — Small faults in the roof of a mine, Idaho. Near the right end, a tiny 
Horst. (U. S. G. S.) 


away from each other the inclined mass is on the upthrow side of 
both. For the latter structure, which is the converse of the 
trough fault j there is no English term — many geologists have 
therefore adopted the German word Horst. 

However long it may be, a simple fault sooner or later dies away 
by diminution of the throw, until it vanishes. This implies that the 
rocks are bent along the dislocation, upward on the upthrow side 
and downward on the downthrow side. It is comparatively seF 
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dom that the upthrow side of a fault is left standing as a line of 
cliff, or fault-scarps which depends upon the length qi time during 
which the scarp has been exposed to denudation. In the majority 
of instances the two sides of the fault 
are worn to the same level or to one 
continuous slope, so that there is no 
feature of surface topography to indi- 
cate the existence of the fault, which 
must be inferred from the effects of the 
dislocation upon the outcrops of the 
strata involved in it These effects 
are determined by the direction and 
throw of the fault, and by the attitude 
and dip of the beds. Strike-faults of 
moderate throw vwhich traverse hori- 
zontal strata, or strata inclined so that 
the dip of the beds and the hade of the 
fault are in opposite directions, repeat 
the outcrop of the beds, bringing them 
again to the surface, as shown in Fig. 
175. When dislocated by a series of 
step-faults, a given stratum .has a 
number of outcrops greater by one 
than the number of faults. When the surface has Ijeen worn 
down to one continuous slope, 
such a re]jetition of tlie out- 
crops may be very dece|)live. 

In Fig. 176, for exum])]e, the 
observer might easily be misled 
into believing that seven seams 
of coal were cropping out on the 
hillside, whereas in reality there 
are only two such seams with 
outcrops repeated by faulting, 

'When the hade of a strike-fault is in the same direction as the 



Fig. 176. — Effect of step-faults in re- 
pealing outcrops . ( M odel by Sopw ith) 



c 


Fig, 175. — Effect of strike-fault 
on outcrop. A, before faiilt- 
ingj i?, with fault Scarp stand- 
ing*, C, with upthrow and 
downthrow sides worn to a 
continuous slope, (Model by 
Sopwith) 
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dip of tlie beds, a certain number of the latter abut against the 
fault-plane and fail to reach the surface, their outcrops being 
cutout (Fig. i6S). In great faults, with displacements of many 
thousands of feet, the beds cropping out on the two sides of the 
fault are entirely different. The deep-seated strata which are 
exposed by denudation on, the upthrow side, are carried so far 
down on the downthrow side that they do not reach the surface at 
all,or,at least, do not crop out in the neighbourhood of the fault. 

h, Dip-faiiUs, These are, in general, parallel to the dip of the 
beds and therefore cross or l)ranch out from the strike-faults of the 
same region, more or less at right angles; 
tliey are less important than strike-faults, 
having generally a smaller throw and less 
length. Dip-faults cut across the strike 
of the beds and interrupt the continuity 
by producing an offset in the outcrop. 

The outcrop of a given stratum ceases 
abruptly at the fault-line and when found 
on the other side is seen to be shifted for 
some distance along that line. How such 
a horizontal shifting is brought about by a 
vertical movement, is shown by the model 
(Fig. 177). In I is seen the model before 
faulting, the black band representing a 
dipping bed; in II the block has been 
faulted, the upthrow side remaining as a 
fauit-scarp, while III shows the scarp re- 177*— Model showmg 

moved by denudation. On the down- ■. 

throw side the outcrop is shifted away fault scarp standing ; in, 
from the dip of the beds and on the up- with scarp removed hy 
throw side toward the dip, eiosion 

When a dip-fault cuts across eroded folds, the distance betw^een 
the outcrops of the same stratum in the two limbs of an anticline 
is increased on the upthrow side, diminishing on the downthrow; 
in the synclines this arrangement is reversed. This is due to the 
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fact that, when l)olh sides are planed down to the same level, 
the surface of the ground cuts the beds at a lower siraiigra phic 
level on the upthrow than on the downthrow side, and as the limbs 
of an anticline diverge downward, the outcrops will be the more 
widely separated, the lower the level at which they reach the sur- 
face. Tht lim]).s of a syncline, on the other hand, converge down- 
ward and the effect of the fault is therefore just the reverse of wdiat 
occurs in the anticline. 


Fig, 178, — Drag of strata near fault-plane. C. S,} The hole is an artificial 

opening along the fault 

€, Oblique Fanils. — Dip- faults do not always follow the dip, 
and strike-faults often deviate considerably from the strike of tlie 
beds, and sometimes the fault is neither one nor the other, but mid- 
way between the two, and then is called an oblique fault. The out- 
crop of a given bed, oldiqueiy faulted, has an otTset, as in the case 
of a dip-fault, but if the fault inclines with the dip of the strata, , 
-there is a gap between the tw^o adjacent ends of the outcrop, the 


HOKIZONTAL FAULTS 351 

gap widening as the line of fault approximates that of strike. If the 
fault hades in the opposite direction from the dip, the two ends 
of the outcrop overlap, 

2. Reversed Faults. This group, as usually defined, is made to 
include thrusts but the latter are here excluded and the term 
reversed fault comprises only those true, radial faults in which the 
hanging wall has been pushed up over the foot- wall and there- 
fore forms the uyjthrow side. A reversed fault, which almost 
always coincides with the strike of the bedsj implies a local com- 
pression, for the beds occupy less space than before dislocation. 
In a large faulted area, normal and reversed faults frequently 
occur together, compression in one place compensating for tension 
in another, and the two kinds of displacement appear to have been 
formed at the same time, or in close succession. 

II. Horizontal Faults (or Heave-faults). — In displacements 
of this class the principal direction of movement is horizontal, 
and in horizontal strata may readily escape detection. When the 
strata are inclined, a horizontal displacement produces effects 
which in cross-section cannot be distinguished from those of ordi- 
nary normal and reversed faults, except when the strioe of slicken- 
sides remain to indicate the actual direction of movement. The 
deceptive appearance is exactly the counterpart of that which re- 
sults from the vertical movement of a dip-fault, by which the offset 
of tlie oulcro]) is brought alxait.' This is illustrated ])y the model, 
Figs. 179, 180, which shows that if the hanging wall is moved in a, 
direction o])posite to that of the dip of the beds, an apparently 
normal fault results, while if it is moved in the same direction as 
the dip, an apparently reversed fault is produced. Horizontal 
faults do not form scarps, for there is no vertical movement, but 
in certain cases, as shown by the stride, the movement is obliquely 
upward. It is thus evident that what would ordinarily be re- 
garded as normal and reversed faults of the typical kind may 
readily be formed by the same movement. For a long time these 
heave-faults were supposed to be very rare, but they are now 
known to be quite common, and doubtless very many faults, 
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which have been regarded as normal or reversed, will on further 
study turn out to be heaves. 

III. Pivotal Faults. — In faults of the preceding groups there 




Fig. 179. — Model illustrating horizon- 
tal faulting, with hanging wall moved 
against the dip and producing an 
apparently normal fault. . Upper fig- 
ure (modified from Ransomc) block 
after dislocation. Lower figure, cross- 
section on plane SSSS : BB, B'B\ 
stratum of reference. FFBF^ fault- 
pkne 




Fig. iSo. — Model illustrating horizon- 
tal faulting, with hanging wall moved 
in direction of dip and producing an 
apparently reversed fault . Upper fig- 
ure (modified from Ransoine) block 
after dislocation. Lower figure, cross^ 
section on plane .S’.S’.S’.S’. Lettering as 
in Fig. 179 


is apt to be more or less rotation, because of unequal friction and 
resistance of the walls, but in certain cases this movement of rota- 
tion is the principal one, exceeding any movement of translation, 
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and these are the pivotal faults. The result of the movement is 
that the hanging wail drops on one side of the axis of rotation, pro- 
ducing a fault of the normal type, and rises on the other side, form- 
ing a reversed fault. Thus, one and the same fault is “ normal 
in one part of its course and “ reversed in the other. 

Systems of faults of different dates frequently traverse the same 
region, intersecting and crossing one another at all angles. An 


Fig. i8i. — Homojital slickensides, Oklahoma, (U. S. G, S.) 


older fault crossed by a newer one is itself faulted and offset. The 
intersecting faults divide the rocks into large and small f anti-blocks ^ 
which are generally tilled in different directions, hut, as a rule, 
their beds are not strongly folded. As was pointed out in the dis- 
cussion of earthquakes (Chapter I), this mosaic of fault-blocks 
is an important element in the production of seismic disturbance. 
Though faults often occur in regions of strata that are not folded. 
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there is, nevertheless, frequently a close connection between faults 
and folds, especially monoclinal flexures, which so often pass into 
faults, the strata bending along part of their course, fracturing and 
dislocating in another part. 




Fig. 182. — Model illustrating pivotal faulting. Upper figure, before dislocation. 
Lower figure, after dislocation. (J. A. Reid) 

Thrusts 

A thrust is like a reversed fault in that it is the result of compres- 
sion and that the inclination or hade of the fault is toward the up- 
,, thtowside, which is the hanging wail, but differs in the tendency to 
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a horizontal position of the plane of fracture and in the association 
with violent folding and plications. Tn his latest work on the sub- 
ject Mr. Willis divides thrusts into the following three groups: — • 
I. Scission-thrusts are those in which the fault-plane is inde- 
pendent of any older structures, and occur chiefly in the crystalline 


Fig. 183. — Fold thrust, near Highgate Springs, Vt. (U. S. G. S.) 

schists (melamorphic rocks) and granite, and, as a rule, de« 
part but little from horizontality. Thrusts of this kind are de- 
veloped on a great scale in the southern Appalachians, especially 
in eastern Tennessee^ where thrusts of 20 miles or more have been 
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Steep fold-thrust. Big Horn mountains, Wyoming* (U, S. G, S*) Strah 
of hanging wall, on left of thrust-plane, show drag 


observed* On an even more gigantic scale they occur in the High- 
lanris of Scotland and Norway, wdicre the movement of transialion 
amounts to 75 miles* 

IL FoId“thrusts are intimately connected with folds and occur 
only amr)ng folded sedimentary rocks; they may arise by plication 
and inversion, usually betw’cen an overturned anticline and the ad- 


. , joining synclines. Thrusts of this character are very widespread and 
common in regions of si rongly folded and plicated strata and repre- 
sent the breaking and dislocation of rocks in the process of folding. 
J The central an<l southern A])]valacluans, Arkansas, and Oklahoma , 
and the northern Rocky kbrnnlains are the regions of the United 
where great thrusts of this kind are most frequent. In the 
mountains, on both sides of the international boundary 






SURFACE-THRUSTS 


line, great fold-thrusts have carried masses of strata at least eight 
miles to the eastward. In fold-thrusts the plane of dislocation is 
somewhat steeper than in scission-thrusts and sometimes approxi- 
mates the steepness of typical reversed faults. (See Fig. 49^ 


III. Surface-thrusts, as their name implies, are formed at the 
earth’s surface, where a rigid, gently inclined stratum that crops 


Flc. 185. — Surface-Uimst of small displacement. (U, S. G. S.) 


out of the ground is sulijected to lateral compression and thrust 
forward over the underlying beds. Such a condition arises, for 
example, when an anticlinal fold has been planed down by erosion, 
so that, some of the beds lying on the flanks of the fold are trun- 
cated and crop out freely; when renewed compression is applied 
to the fold, the more rigid bed will be pushed forward over the beds 
beneath, or it may be fractured and overthrust not fax below the, 
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surface, as shown in the figure (Fig. i86). InstaiiGes of surface- 
thrusts have not been identified in great numbers, though there is 
no reason to doubt that they are common, for they cannot always 
be distinguished from fold-thrusts without careful study. They 
have been found in the southern Appalachians and, on a great scale, 
in Montana. 



The Causes of Folding and Dislocation 

Like: all processes which take place deep within the interior of 
the earth, the causes of crustal deformations are very obscure and 
there is much difference of opinion concerning them. The view 
which is held as to tlie physical state of the earth^s interior will 
necessarily condition the explanation of folding and faulting, which 
is but one special aspect of the general problem. Any complete 
theory must of course contain a satisfactory solution of ail the 
problems involved, but sutdi a theory has still to be propounded and 
for the present we must be content with tentative hyjiotheses. , 

Hie first step in the inquiry is to determine the direction in 
which the folding force acted. At first sight, it might seem natural 
to suppose that the direction of the force was vertically upward, 
acting with maximum intensity beneath the anticlines and mth 
minimum intensity beneath the synclines. But such an explana- 
tion could apply only to open, symmetrical, and simple folds, 
and even in these cases is not satisfactory. Folded strata must 
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either occiipy less space transversely than they did before folding, 
or else they must have been stretched and made much thinner, but 
a compaxison of continuous beds, in the flexed and horizontal 
parts of their course, shows no such thinning. Again, such an ex- 
planation is obviously insufficient to account for closed, inclined, 
and inverted folds, for contortions and plications, and for flexures 
of diflerent orders, one within another. 

If the folding force did not act verticaily, it must have acted 
horizontaily, and this is the explanation now almost universally 
accepted. A horizontally acting force would compress and crumple 
up the beds, producing different types of flexure in accordance 
with varying circumstances. Fhirthermore, the microscopic study 
of intensely folded rocks shows that they have actually been com- 
pressed and mashed, and the minutest plications are visible only 
under the microscope. 

Assuming, then, that the folding force was one of compression 
and acted liorizontally, we have next to consider the circumstances 
which modify the result, producing now one form of flexure or 
fracture, now another. Such modifying circumstances are the 
depth to which a given stratum is buried, its thickness and rigidity, 
the character of the, beds which are above and below it, and the 
intensity and rapidity with which the flexing force is applied. 
When in a mountain region one sees the manner in wffiich vast 
masses of rigid strata are folded and crumpled like so many sheets 
of paper, one perceives the enormous power which is involved in 
these operations and the gradual, steady way in which that power 
must have been exerted. When strata are buried under a suffi- 
cient dej)th of overlying rock to crush them, they become virtually 
plastic and yield to the compressing force by bending. The 
movement would seem not to be a true molecular flow, but rather 
a gliding of the mineral particles one upon another. At such 
relatively great depths cavities cannot exist, and if the compressed 
rock should be broken by the compression, the particles are again 
welded together into a firm mass. We may accordingly distinguish 
a shell of flowage^ in which the rocks all yield plastically, a more 
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superficial shell of fracture, in which ail but the softest rocks break 
on compression, and between the two a shell of fracture and flow- 
age, in which some rocks break and others bend, according to 
their rigidity* The depth of the zone of flowage is estimated at 
20,000 to 30,000 feet below the surface. 


Fig, 187, Folded and fractured iron ore and jaspilite, Lake Superior region, 
About natural size 

Strata which have not been buried to a sufiScient depth 
make them plastic, will yield to compression by breaking, thou^ 
whether a given bed is faulted or flexed, will often depend upc 
whether the folding force is applied slowly or with comparati^ 
rapidity, A force long acting in a slow and steady fashion Wj 
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Fig. i88. — Plicated beds on unfolded ones ; Mineral Ridge, Nevada. (U, S. G. S.} 
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from the models experimented on by Mr. Willis, which, when 
strongly compressed, imitate with remarkable accuracy the struc- 
tures which may be observed in folded rocks. Fig. 190 shows that 
in folding, the beds must slip upon each other, as is proved by 
the lines perpendicular to the bedding-planes, which were contin- 
uous before folding, l)ut in the anticline are broken by the differ- 
ential motion of the layers, each bed rising farther up the slope 
than the one beneath it. The same thing must occur in folded 
rocks, which sometimes show polished bedding-planes, due to the 
slipping of the beds upon one another. The series A to D (in 
Fig. 19 1 ) represents a model liefore and in various stages of Ititeral 
compression, and exhibits the effect of the slight initial dip at .v 
in determining the position of the anticlinal fold, which is developed 
by compression. The formation of one fold assi.sts in the develop- 
ment of another, for it both changes the direction of compressiem 
and redistributes the load of overlying strata. The arch of the anti- 
cline lifts the load and diminishes the weight upon the beds that 
lie beneath the ilexiire, but increases the weight upon the lines 
from which the arch s]>rings. 

There is much independent evidence to show that folding is a 
gradual process. The force exerted is enormous, but so is also 
the resistance to be overcome, and a steady or oft-renewed com- 
pression, acting u])on strata under a great load of overlying 
masses, will produce regular Ilexures, where a sudden compression, 
however intense, could only shatter them. 

Thrusts are likewise due to lateral compression, by which the 
rocks have been sheared and laoken, and the beds on one side of 
the plane of fracture have ]>een thrust up over those on the other. 
A plication or overturned fold may often be traced into a thrust, 
in a way that shows the direction of movement to have been the 
same in both fold and fracture. Numerous experiments also show 
that lateral compression will produce just such structures. A re- 
duction of the overlying load, by diminishing the plasticity of the 
rocks, will occasion shearing and overthrusts, when, under a 
greater load, the same strata, exposed to an equal force of compres- 




Fig. 192. — Model illustrating the development of a fold-thrust 


ent classes of faults shows that locally tension and conapression 
may be generated in the same area and probal)ly simultaneously* 
Reversed and horizontal faults are due to comprevssion, the force 
in the latter case acting parallel to the fault-plane and in the former 
case across it, while normal faults are the result of a local tension. 
It is still an open question how these local compressions and ten- 
sions are generated. 

One explanation is that such phenomena are developed in re- 
gions that have been raised by upwarping above a position of ade- 
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Sion, will simply flex and bend. As we have seen (see Fig. 186), 
an anticlinal fold whose load has been reduced by erosion, will, on 
renewed compression, fracture and develop a thrust. 

While thrusts are associated with violent folding, overturning 
and plication of strata, faults occur, as a rule, in regions w’here 
folding is absent, or very subordinate, or, if in areas of folded rocks, 
the faults were, generally at least, formed at a period more or less 
subsequent to the period of folding. The association of the differ- 
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qiiate support, whence results a system of fractures and the settling 
and readjusting of the fault-blocks. If we endeavour to restore 
a, system of normal fault-blocks to the relations which they may have 
had before faulting, we must commonly construct a dome-shaped 
figure of some sort, whose surface occupies more space than the 
disjslaced blocks occupy. That is to say, in any cross-section an 
elongated arc has in consequence of faulting been brought into a 
shorter chord, commonly by bringing the narrower parts of wedges 
into juxtaposition. , . . The doming may produce elongation or 
.stretdung in superfK'ial sections at least, and thus tend to provide 
the opjiurtuiiity for the development of ])lanes whose attitude is 
that of the normal fault-plane. In so far as the inadequacy of 
support gives rise to vertical displacements passu with the 
stretching, the blocks will adjust themselves with reference to each 
other by relative flis|dac:ement in the direction of maximum stress 
and least resistance. . . . In this process elongation is the pri- 
mary condition and a settling down of the blocks is a result. 
Through that settling a secondary effect of compressipn is set up. 
The large masses become wedged against one another, and as their 
magnitude is such that their own w’eight is sufficient to deform 
them, they suffer more or less folding and even reversed faulting as 
an after effect. . . . We may reasonalffy expect to find some re- 
versed faulting in connecti<ni with normal faulting wherever the 
latter is devel()])ed on a truly large scale. The absence of folding 
or reversed faulting could only follow in case the blocks were 
free to move outward to the extent demanded by the elongation 
due to the atliliides of the normal fault -planes.” (Willis.) 

In some rases, normal faults are due to j^ressure acting along 
and parallel to the fault-plane and causing the strata to arch 
gently upward on the upthrow side, downward on the downthrow 
side. Faults of this class have been observed in central Pennsyl- 
vania, Tennessee, and Alabama. Though due thus to pressure, 
a tension is developed acnjss the fault-plane. 

Quite a different type of explanation seeks to account for the 
phenomena of faulting by the transfers of molten magmas deep 
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within the earth. In certain regions, as in the Tonopah district 
of Nevada, it has been made exceedingly probable that such trans- 
fei’S are the actual cause of the fracturing and dislocation of strata, 
and some observers would give this principle a widespread, if not 
a general, application. “ Not only are the violent migrations of 
igneous material the cause of complex faulting, but also it is most 
reasonable to conceive that the deeper and more gradual move- 
ments of the subcrust are the cause of the larger fault systems. 
, . , Given this cause of faulting, the heretofore puzzling facts are 
satisfactorily and easily explained. Compression and tension still 
remain true causes of faulting, but mainly as local and proximate 
ones. The common expression, tilting of fault-blocks, attains a 
deeper significance, for this tilting may be more largely the result 
of subcrust migrations than of the mere force of gravity. Cases 
of horizontal motion and pivotal motion become simple, for there 
is no necessary unchangeable relation between the direction of the 
force and the position of the fracture-plane. (J. A. Reid.) 

Even if it be granted that the effeGtive forces which cause the 
folding and dislocation of rocks are, in the last analysis, a horizon- 
tal or tangential compression, it still remains to inquire how this 
great force was generated. There is no general agreement concern- 
ing the solution of this problem. For a long time it was supposed 
that a satisfacl(jry solution wa.s given by the contraction of the earth 
from cooling, and perhaps the majority of geologists still adhere 
to this view, which may be brielly expres.sed as follows: The 
earth’s crust long ago reached a state of fairly constant tempera- 
ture, but the highly heated interior is steadily cooling hy radiation, 
and consequently contracting. As the crust cannot support itself, 
it must follow the shrinking interior, and is thereby crowded into 
a smaller space, thus setting up irresistible lateral stresses. If the 
eiirth were homogeneous, its surface would be wrinkled all over, 
as is the .skin of a withered apple, of which the pulp contracts from 
loss of water, crowding the skin into a smaller space; but as the 
crust is heterogeneous, with special lines of W'-eakness, the compres- 
sion results in the formation of long, narrow belts of folded 
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rocks, separated by broad areas of relatively little disturbed 
strata. 

The contractional hypothesis has been attacked from many points 
of view, and very serious doubt lias been thrown upon its adequacy 
to explain the facts, and eveji upon its reality. A modilkation 
of this hypcjthesis has been proposed by Professor Chamljerlin, 
who regards the downward movement of segments of the earth’s 
crust as primary and the horizontal movements as incidental to tlie 
former. The lithosphere is regarded as made up of a number of 
heavier and stronger segments, the surface of which forms the ocean 
basins, and of lighter and weaker segments which, on the surface, 
are the continental platforms. The general shrinkage of the earth 
causes the oceanic segments to descend, compressing the lighter 
continental segments and producing belts of folded rocks up)on their 
'■borders./ ' ■ 

The study of the radio-active substances and their distribution 
in the rocks of the earth’s crust has led some observers to the con- 
clusion that the earth’s loss of heat is fully compensated by radio- 
activity and that since a very early period in the history of the globe, 
there has been no shrinkage at all, a standpoint which others have 
reached from entirely <liffereiit lines of evidence and reasoning. 

An elementary text-book is not the proper place for the discus- 
si^ or even the full statement, of all the different hypotheses 
which have been proposed in explanation of these most difficult 
problems. Suffice it to say that all the questions concerning the 
mechanic's of the earth’s interior are bound up together in an in- 
divisible unity and that the full and satisfactory answer to any one 
question will involve the solution of all the cognate problems. 


CHAPTER XIV 


JOINTS* — STRUCTURES DUE TO EROSION 

With the exception of loose, incol^erent masses, such as soilj 
gj’avel, sa,iid, etc., all rocks which are accessible to observation, arc 
divided into blocks of greater or less size by systems of cracks 
and crevices, which are known as joints > These may be easily 
observed in any stone-qitarry, where they are taken advantage of 
in getting out the stone. 

In the igneous rocks all the division planes which separate the 
blocks are true joints, which vary greatly in their number and 
manner of intersection and in the consequent shape of the joint- 
blocks. Fine-grained basalts display a very general tendency to 
cohmnar jointing, iorming more or less regularly prismatic columns, 
W'hich are commonly hexagonal. Several xnodern lavas (see p. 76) 
dispk)' these hexagonal columns, as do the ancient basalts of very 
many regions. In certain cases, as in the famous Giant’s Cause- 
way of Ireland, the columns are divided transversely by concave 
joints, gh iiig a jjalkand-sockel arrangement which has a curiously 
artihcial appearance, Althougli the regular hexagonal columns 
are most frequent among the fine-grained basalts, they also occur 
in the coarser rocks of the gabbro family and in other families 
also. The acid glass of Obsidian Cliff (see Fig. 26) shows colum- 
nar jointing, and the phonolite of Mato Tepee in South Dakota is 
jointed in magnificent columns, and many other examples might be 
cited. 

In many of the granites and other coarse-grained igneous rocks, 
the joints divide the mass into cubical blocks, or into long, rectangu- 
lar prisms, or into broad, slab-like plates. In others, again^ the 
blocks are of exceedingly irregular form and size. 
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In sedimentary rocks the joints are ordinarily in only two planes, 
the third being given by the bedding-planes. In homogeneous, 


FtG. 194, ■— Regular jointing in gneiss, near Washington. (U. S. G. $.) 

heavily bedded sediments, such as limestones and massive sand- 
stones, the joints are apt to form cubical or rectangular-prismatic 
















I'JG, 196.*— Jointing in shale, Cayuga Lake, N.Y. (U, S. G. S.) 

Joints are of very different orders of importance: Spm4 tM 
master joints^ traverse many strata and remain constan^^^^^ 
distances and considerable depths, while each layer tis||:Uy has 
minor joints which are confined to that bed. One set W^joints, 
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the strike joints^ run more or less parallel to the strike of the 
beds, while the second set, the dip joints , follow the dip; the 
former are usually the longer and more conspicuous. Oblique 
or diagonal joints intersect the other two systems, and many irregu- 
lar cracks may occur. In general, the more disturbed the rocks 
have been, tlie more broken they are. 

Cause of Joints. — With regard to the manner of their produc- 
tion, joints may be classified into two series: (i) those which are 
due to tension, the rock usually parting in planes normal to the 
diredituis <.)f tension; (2) those which are due to compression, 
the cracks forming in the sliearing-planes. 

(i) Tension Joints, — In igneous rocks j<.)ints are caused by 
the cooling and consequent contraction of the highly heated mass. 
This shrinkage sets up tensile stresses in the mass to which the rock 
yields by cracking and parting, the shape of the blocks being largely 
controlled by the coarseness or fineness of the mass. Igneous rocks 
are subject to all the vicissitudes which affect other kinds of rocks; 
they are faulted, compressed, exposed to tension, etc. Hence, 
systems of joints may occur in them, which were formed subse- 
quently to the shrinkage- joints due to the contraction cjf cooling. 
In some cases the jointing of sedimentary rocks may perhaps be 
caused by a shrinkage of the mass on drying, but this cannot be 
an important method of producing systems of joints. 

The convex sides of anticlinal and synclinal folds are stretched, 
and (provided they are not too deeply buried) the stretching may 
result in a system of cracks radial to the curves which follow the 
strike of the beds. Folds are not horizontal, but pitch in the 
. direction of llieir axes. This com|.)lex folding may produce two 
sets of tensih stresses perpendicular to each other, and thus cause 
two series of joints, one following the strike and the other the dip 
of the beds. Complex folding must produce a twisting and warping 
vof the strata, and it has been experimentally shown that a brittle 
substance, when twisted^ cracks in two sets of fractures which 
xntersec| nearly at right angles. How slight is the twisting and 
warping needful to produce joints is shown by the fact that strata 
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which are perfectly horizontal, so far as can be detected, are 
jointed. The modern limestones which are formed in coral-reefs 
are jointed, even in cases where the movements resulting in fracture 
must have been minimal 

Tension joints produce either rough, or smooth and sharply 
cut surfaces, which is determined by the character of the rock. 
In sandstones which are weakly cemented the cracks pass be- 


tween the grains, while in hard and firm rocks the fractures are 
clean. 

(2) Compression Joints are caused when the rocks yield along 
the shearing-planes. In simply folded strata are produced two sets 
of strike joints w^hich are inclined toward each other, but whether 
dip joints will be made by complex folding is not certain. In some 
conglomerates the joint planes pass through the hard quartz pebbles 
and leave a smooth, even, shining face. Tension would puli such 
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a pebble out of its socket and only by shearing could it ]:)e cleanly 
cut.' 

Tlie whole subject of joints in sedimentary rocks is a difficult 
one and the explanations given of them are not altogether satisfac- 
tory, for several other agencies may be involved in their produc- 
tion. It is, however, highly probable that the master joints which 
roughly follow the strike and dip of the strata, have been caused 
by the forces which produce folding. 


Joints dying away downward, shown by pinching out of white calcite 
veins. (Photograph by van Ingen) 


Joints cannot occur in the shell of flowage, and are best devel- 
oped in the shell of fracture, being of less importance in the transi- 
tion belt between the two. 


; :j . Sttoctures due TO Erosion 

’tfneonfonnity, — We have hitherto considered the stratified 
, rocks as made up of beds which follow upon one another, in orderly 
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as being affected alike by the elevation or depression, 
location, to which they may have been subjected, 
lave thus been laid down in uninterrupted succession, 
parallel bedding-planes, and which have been simi- 
by movements, are said to be conforniahle^ and the 
lied conformity. In many places, however, the strata 
section are very obviously divisible into two groups, 
p of a series of conformable beds, but the upper 


Unconformity with change of dip, or angular unconformity 


group, as a whole, is not conformable with the lower, but rests upon 
its upturned edges, or its eroded surface. The two groups are said 
to be unconforniaUe and the structure is named imconformiiy. 
The definition of unconformity here given includes certain not un- 
common structures, which must be distinguished as having quite a 
different significance. 

Unconformity is of two kinds : (i) There is a distinct difference 
in the dip of the two sets of strata, the upper beds lying across the 
upturned and truncated edges of the lower. This is the more 


Fig. 199. 
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usual kind and is shown in Figs. 199-202. The structure im- 
plies that the lower series of ])eds was first laid down under water, 
and that these beds were then upturned, tilted, or folded to form a 
land surface. Erosion next truncated the folds, planing the eflges 
of the disturbed beds down to a more or less level surface. The 
land surface was again dc])ressed beneath the water, and the 
second set of .strata was deposited upon it. Finally, a renewed 


Fig. 200, — Angular unc^ 


(Photograph by Siuciair) 


elevation, accompanied perhaps with folding or faulting, has 
brought both series of strata above the seadevel 
While the older beds formed a land surface, they were eroded 
and no deposition took place upon them. Consequently, between 
tho two sets of strata is a gap, unrecorded by sedimentation (at 
that point), the length of which represents the time that the older 
beds were above v^ater. The processes involved in an unconform- 
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itv are of slow operation, so that the gap usually implies a very 
long lapse of time. In many cases whole geological ages, of in- 
calculable duration, have intervened between the deposition of the 
two groups of strata. 


Fig. SOI. Angular unconformity, old gravels on hard shale; Kingston, N.J. 
(Photograph by Sinclair.) Note the smooth joint-faces of the shale, in con- 
trast to the rugged fracture-surfaces 
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(2) In the second kind of unconformity the two gi\)uj.)s of 
strata have the same dip, the ujjper series resting upon the eroded 
surfaces of the lower. The processes involved in this kind of uncon- 
formity are nearly the same as in the first, so far, at least, as the 
alternation of land surface and sea-bottom, elevation and de]>res- 
sion, are concerned. In tin's case, however, the first upheaval was 
not accompanied by any folding or fracturing of the beds. An 


Fig. 202, — Angular unconfornuty» west of Altoona, Pa. (U. S. G. S.) 


unconformity of the second class is sometimes exceedingly diffi- 
cult to detect and then is called a deceptive conformity. Such a 
qase arises when the surface of the ground is made by cutting 
down strata to the upper surface of a hard bed, which is then de- 
pressed beneath the water, as a fiat pavement, upon which new 
inaterial of a similar kind k laid down with hardly a perceptible 
In the Rocky Mountain region remarkable instances of 
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this <Icceplive conformity occur, where, in the middle of a mass of 
limestone aj^parently formed without any interruption, there is, in 
reality, an enormous time-gap. Long and careful search has 
made clear the nature of the contact and exposed the deception. 
The existence of an unconformity, when none is apparent, may 
sometimes be detected by observing certain structural features 
which affect the lower and older beds, but not the upper. For 
example, the lower strata may l.)C faulted, or intersected by a dyke 
t)f igneous rocks, the fault or dyke ending abruptly at a certain 
level and not continuing into the U])per scries, 

'i'he lowest member of tlie up})cr series of strata in an uncon- 
formity is very frecjucnlly a coiigkuneralc or c'oarsc sandstone, and 



Fig. 203. — Unconformity without change of dip, and overlap 


represents the beach formation of the sea advancing over the old 
land. These are called haml conglomerates. Such coarse beds 
arc, however, not always present, and they may be only locally 
developed along a particular line. 

Unconformities may be confined to relatively restricted regions, 
or they may extend over whole continents; they are very useful 
means of dividing the strata into natural chronological groups. 

Overlap. — When a series of strata is deposited in a basin with 
sloping sides, or one sloping side, each bed will extend farther 
than the one upon which it lies, and thus in a thick mass of strata, 
if the shelving bottom be gently inclined, the upper beds will ex- 
tend far beyond the lower ones, or overlap them (see Fig, 203). 
Overlap also occurs where the sea is advancing or transgressing 
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slowly across a subsiding land surface, the rate of depression not 
much exceeding the rate of deposition. Here also each stralum 
extends farther across the old land surface than the one beneath 
it, and conceals the edges of the latter. The relation of overlap 
is between the successive layers of a conformable series. 

Overlap may be a structure (jf much economic importance, 
if one of the lower strata, say a coal-bed, is mined. It is not 
safe ussiiuKi that wherever the U}>per berls of such a series are 
found, the lower will be found directly ]>eneath them, an assump- 
tion which may result in costly failure. 

Contemporaneous Erosion. — It was stated above that the defi- 
nition of unconformity, as given, would include certain structures, 
which, nevertheless, must lie distinguished from it: one of these 
is contemporaneous erosion. This structure is produced when a 
current of water excavates channels for itself in the still soft and 
submerged mass of sediment. After the current has ceased to 
flow, renewed deposition fills up the hollow with the same or a 
different kind of material as was thrown dmvn before. This 
stmeture requires only a .short pause in deposition, not a long, 
unrecorded break, and does not necessarily involve movements 
of elevation and depression. Furthermore, contemporaneous 
erosion is a local phenomenon, and though in a limited section 
it may not always be easy to distinguish it from an imconformity, 
the difference becomes apparent when a wider area is examined. 
If the strurliirc be one of contemporaneous erosion, the two 
series of strata will be conformalde excejit along the line of the chan- 
nel or channels. Fig. ^04 is an c.xample of this structure anil 
show.s where a channel in an ancient .sea-bottom w-as fflled up by 
a later deposition of material. 

The clay horses (us miners call them), which frequently 
interrupt coal beds, are the channels of streams which meandered 
through the ancient peat bog, and which were filled up wn'tli sedi- 
ment wiien the swamp became submerged. The “ horses are 
■ usually of the same rock as that which forms the cap or rool 
of the coal seam* 
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Horizontal and Oblique Bedding. — Another kind of decejjtive 
resemblance to unconformity is occasionally caused by the alterna- 
tion of horizontal and oblique bedding, a horizontal bed resting 
upon a series of inclined layers. A conspicuous example of this 
is given by the Le Clair limestone of Iowa, which was at one time 
altogether misimderstdod, but the deception is seldom one that a 
little care will not expose. 


Fig, 204.— Contemporaneous erosion, channel in wall of Niagara Gorge. 

(u. s. a s.) 


Outliers. — An outlier is an isolated mass of strata, which is 
surrounded on all sides by beds older than itself. This definition 
does not imply that the older beds must actually rise to the level 
of the outlier and enclose it, but as viewed on a map^ whicli brings 
all irregularities of surface down, to one plane, the older beds appear 
to surround the outlier. An outlier has been cut off by denudation 
from its former connections, from which it is separated, in some 
cases by a few feet, in others by scores or even hundreds of miles. 
Outliers thus stand as monuments which show, partially at least, 




the former extension of strata long subject to denuclatioiij though 
we never can be sure that the farthest outlier was at the actual 
original margin of the beds, and generally may be confident that 
it was not. Outliers are almost always composed of horizontal 
strata, or of isolated synclines. 

If the outlier be bnjught to the surface by faulting, it is called a 
faiilied outlier^ in distinction frran one which is entirely due t(j ero- 
sion. A faulted outlier may be found on the downthrow side of a 
fault'block, es|;)ecially in a trough-fault, which is downcast willi 
reference to the blocks on each side of it. In such a case the older 
beds actually surround and enchase the isolated mass of newer ])eds. 

Inliers differ from outliers in not necessarily being isolated 
masses of rock, but merely isolated outcrops of older beds which 
are surrounded by newer strata, though underground they may be 
continuous with very extensive areas of beds. An inlier is thus a 
larger or smaller mass of rock surrounded by beds which are geo- 
logically younger than itself. Tlie summit of an anticline or dome 
which has been truncated by denudation exposes older strata in 
. the middle, newer ones on the sides, inliers may also be due to 
faulting and occur on the upthrow side, as in a fault-block which 
IS on the upthrow side with reference to the blocks on each side 
of it, or HorsL 

Outliers may be converted into inliers by the deposition of newer 
beds around them. The isolated .slacks and pillars on the sea- 
coast, as shown in Figs. 76 and 77, are outliers, but a movement 
of depression sulnnerging them in the sea wtaild e\'enliuilly result 
in their being buried in newer deposits, tlui.s changing them into 
inliers. There is almndant evidence that such changes have actu- 
ally occurred in past times. 
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CHAPTER XV 



URSTRATIFIED OR MASSIVE ROCKS 


The unstratified or massive rocks have risen in a molten state 
from below toward the surface, though by no means always reach- 
ing it, and liave forced, or perhaps have sometimes melted, their 
way through or between the stratified rocks. One of the most 
important ];K)ints to determine with regard to a massive rock is its 
relation to the strata in which it occurs; for the earth^s chronology 
is given by llie stratified rocks. Considered only with reference to 
itself, an igneous mass gives no trustworthy evidence as to the time 
when it was formed. The term eruptive is frequently employed 
in the same sense as imstratified, because of the belief that most 
igneous masses have been connected with volcanoes; but as such 
a lielief may not be w^ell founded, it is better to use a non-committal 
? term. 

As in must departments of geology, there are unfortunately con- 
sideral>le differences in the meaning attached by various writers 
to the terms used in the description of the igneous, or massive, 
rocks. Since it is highly desirable that greater uniformity and 
exadness of nomenclature should be attained, the usage proposed 
by Professor Daly will be followed here, though hi.s classification is 
more elaljonite than is required in an . elementary 

We shall first take up the volcanic rocks, because modern vol 
canoes give us the key by which we may readily interpret 


I. Ancient Volcanoes and their Rocks 


Volcanic Kecks, — Volcanoes, like all other mountains, are sub- 
ject to the destructive effects of the atmosphere, rivers^ and 
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sea. In an active volcano the upbuilding by lava flows and frag- 
mental ejections more than compensates for the loss by weather- 
ing, and the cone continues to grow in height and diameter. 
When the volcano has become extinct, the destructive agencies 
work unopposed. We find extinct volcanoes in all stages of 
degradation, from those which look as though their activity 
might be renewed at any moment, to those which require the 


Flo, £05. — V'olcaiiic neck, Colorado. (U. S. G. S,) 


careful examination of a skilled geologist to recognize them for 
what they are. 

In the Pacific Slates may be found admirable examples of 
volcanic cones in various stages of erosion. In northern Arizona 
the picturesque San Francisco mountains, themselves volcanic, are 
, surrounded by numerous small and very perfect cones, hardly 
; ' affected by* weathering (Fig. 21). In northern California stands 







the noble peak of Mt. Shasta. (Fig. 29), which was active till a 
late geological date and still shows traces of activity in its hot 
vapours, but has begun to suffer notably from weathering. Still 
farther north, in the State of Washington, is Mt. Rainier, another 
volcanic cone, which has been longer exposed to the destructive 
agencies and has i)een worn into an exceedingly rugged peak. 


Diamond mine, showing circular form of volcanic pipe in sandsi 
Kimberley, South Africa. (Photograph by Hancox) 


These mountains, however, merely exemplify the earliest stages of 
degradation; as time goes on, the loftiest cones will be worn away, 
and at last only the worn-down and hardly recognizable stump of 
the volcano remains, which is known as a volcanic neck. The neck 
consists of the funnel or vent filled up with the hardened lava of 
the last eruption, or, less commonly, with a mass of volcanic 
blocks. Associated with this plug of lava may be preserved the 
lowest lava flows or tuffs of which the cone was originally built 
up. If the land upon which the volcanic neck stands be covered 
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by the sea or otlier body of water, the remnant of the cone will 
be buried beneath sediments, and a volcanic island may be simi- 
larly cut down and covered with sediments. Subsccjuent up- 
heaval and denudation may at a long subsequent time once more 
expose the l)uricd cone to view. Several examples of this have been 
found in Grciit Britain. 


Fig, 207. Irregularly and columnar-jointeci lava flow on sandstone; Island of 
Stafla, Scotland 


The diamond mines of South Africa are in almost cylindrical 
pipes, which are cut through stratified rocks and are filled with an 
irregular agglomerate. On the surface the pipes show no topo- 
graphical indication of their presence, but are quite level with the 
pround. The exact nature of these pipes is not well understood; 
U they are truly volcanic, all traces of the cones and associated 
ejected masses have been removed by denudation* 
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Lava Flows and Sheets which were poured out on the surface 
of the ground may be recognized by the aid of several criteria. 
In flows of only moderate antiquity, which have suffered little 
denudation, the nature of the mass may be determined at a glance, 
and tnu‘ed to the vent whence it issued. Successive sheets, piled 
one over tlie other in a rude bedding, are also evidence that the 
rocks are surface lavas. Surface sheets may be overlaid by sedi- 



Fig. 20S. — Lava flow on sandstone, Upper Montclair, N.J. (Photograph by van 
Ingen.) The white line shows the irregular contact 


ments, which were deposited upon a submarine flow, or after de- 
pression of the land. Such a flow is then called a contemporaneous 
or interhedded sheet, and evidently its geological age follows the 
rule for strata; it is newer than the bed upon which it lies and 
older than the one which rests upon it. 

Fragmental Products (Pyroclastic) are positive proof of vol- 
canic action, for they cannot be formed underground. Coarse 
masses of agglomerate, blocks, and bombs show that the vent 



Fig. j209. — Puniice, xmtural size 
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from which they issued was not far away, while beds of fine ashes 
and tuffs may be made at great distances from their source. All 
these varieties may be enclosed in true sediments, and may, in part, 
escape destruction long after the volcano which ejected them has 
been cut away. The fragmental products are always contempo- 
raneous, and when interstratified with sediments are newer than 
the underlying, older than the overlying, stratum. 


11, Roqks solidified below tptb: Surface (Plutonic) 

We now come to a series of rocks which no one has ever ob- 
served in the course of formation, because they were solidified at 
greater or less depths underground. When such masses are 
exposed to view, it is not because they have been brought to 
the surface, but because the surface has been eroded down to 
them. Though these unstratihed masses cannot be observed m 





being by great openings which enlarge downward indennitely 
within the limits of observation. 

Both injected and subjacent bodies may be either simple, ix. 
composed of material intruded at one period, multiple, i,e. com- 
posed of material of the same kind intruded at more than one pe~. 
riud, or composite, lx. made up of material derived from different.! 
kinds of magma intruded at more than one period of lime. 

I. Injected Bodies 

These are of manifold variety of shapes and sizes and differ in 
their relations to the enclosing, or country rock, and different terms 
are accordingly used to describe them. 

Dykes. — A dyke is a vertical or steeply inclined wall of igneous 
rock which was forced up into a fissure when molten and there 
consolidated. Dykes of a certain kind may actually be seen in 
the making, as when the lava column of a volcano bursts its way’ 
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Dykes are common and conspicuous objects in the Connecticut 
valley and in the sandstone belt which runs, with interruptions, 
from the Hudson River to North Carolina. 

Intrusive Veins are smaller and more irregular, frequently branch- 
ing fissures which have been filled with an igneous magma ; they 
may be only a few inches in thickness, and may often be traced to 
the mass wliich gave them of. The nature of the rock in a vein 
may be much modified by material derived from the walls. This 


Fig. 212. — Veins of granite in cliff, near Gunnison, Col. (U. S. G, S.) 


vein rock is often so coarsely crystalline, as in pegmatite veins, 
that it has been suggested that it could not have solidified from fu- 
sion, but was deposited from solution in superheated waters. 

Sills or Intrusive Sheets. — These are horizontal or moderately 
mciined masses of igneous rock, which have small thickness as 
compared with their lateral extent. Sheets conform to the bed- 
ding-planes of the strata, often running long distances between the 
same two beds; but if they can be traced far enough, they may 
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generally be found cutting across the strata at one point or an- 
other. In thickness they vary from a few feet to several hundreds 
of feet. The Palisades of the Hudson are formed by a sheet 
of unusual thickness; its outcrop is 70 miles long from north 
to south, and its thickness varies from 300 to 850 feet. 

Sills are most commonly found in horizontal strata, which 
offer less resistance to horizontal expansion than do the folded 
beds; they are also very generally of the most fusible kind, the 


Granite veins intrusive in diorite and both cut by a small dyke of aplite 
coast of Maine. (U. S. G. S.) 


gabbro family, because such magmas retain their fluidity and 
flow for longer distances than do the highly siliceous rocks. It is 
probable that intrusive sheets can be formed at only moderate 
depths, because the overlying strata must be lifted to an amount 
equal to the thickness of the sheet, although certain cases are known 
where the sill appears to have made its way by melting and incor- 
porating some of the strata. At great depths the weight to be 
lifted IS so enormous, that the easiest path of escape must be 
by breaking through and across the strata. If the beds are sub- 
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jected to compression after the intrusion of the igneous masses, 
the latter will be flexed or faulted like the stratified rocks. 

In a limited exposure it is often difficult to distinguish at once 
between a sill and a contemporaneous sheet, but there are cer- 
tain characteristic marks which enable the observer to decide* 
The presence of scoria? shows that the sheet is contemporaneous* 
If, on the other hand, the overlying stratum be baked and altered 



Fig. 2x4, — The Palisades, seen from Hastings, N.Y, (Photograph by van Ingen) 


by the heat; or if the sheet cuts across the bedding-planes at any 
point, or if it can be traced to a dyke which rises above it, or if it 
gives off tongues or veins, or if pieces of the overlying stratum 
be torn off and included in the sheet, it must be intrusive. The 
nature of the contact between the sheet and the stratum above it 
, is significant; if the former be contemporaneous, the cracks 
i %nd fissures of its upper surface will be filled with the sedimen- 
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tary material* Finally, the texture of the igneous mass gives valu- 
able evidence; in the intrusive sheet the texture is compact 
(without glassy ground mass) or even quite coarsely crystalline, 
while the contemporaneous sheet will display the glassy or por- 
phyritic texture of surface flows* 

Laccoliths. — A laccolith (or laccolite) is a large, lenticular 
mass of igneous rock, filling a chamber which it has made for 


Fig* 215, — Contact of diabase sill with shales below. Base of Palisades, Wee- 
hawken, NJ. (U. S. G. S.) 

itself by lifting the overlying strata into a dome-like shape; the 
magma was supplied from below through a relatively small pipe or 
fissure* The rock of which laccoliths are made is nearly always of 
the highly siliceous and less fusible kinds, so that it can more easily 
lift the strata than force its wa:y between them* Intrusive sheets 
are, it is true, often given off from a laccolith, but these are of quite 
subordinate importance, while dykes and irregular protrusions, 
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calted apophyses^ extend into the fissures of the surrounding and 
overlying strata. Subsequent erosion may remove the dome of 

strata and cut deeply into the 
igneous mass beneath, leav- 
ing rugged mountains, the 
height of which depends 
upon the amount of original 
uplift and the subsequent 
denudation. Laccoliths in 
various stages of denudation 
occur ill different parts of 
the West Fig. 219 shows 
Little Sun-Dance Hill in South Dakota, a small dome from 
which the overarching strata have not been removed and the 
igneous core has nowhere been exposed, yet there can be little doubt 



Fio. 216. — Diagrammatic vertical section 
of a laccolith (Gilbert). The fuir black 
indicates igneous rock 



Fig. 217. Eroded laccolith, with many sills and apophyses ; Colorado. (Holmes) 

of its presence. Bear Butte (Fig. 220) represents a second stage of 
denudation; the strata have been removed, except those upturned 
around the foot of the butte, and the igneous core exposed, yet but 
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little eroded. In the same region is Mato Tepee (also called the?" 
Devil’s Tower), a magnificent shaft of columnar phonolite, which 
rises 700 feet above a platform of horizontal strata. This tower 
is the remnant of a laccolith from which the covering strata, and 
probably much of the igneous core, have been ei*oded away. In 
southern Utah the Henry Mountains are a group of laccoliths 
from which several thousand feet of overlying strata have been 
removed and the cores deeply dissected. In the Elk Mountains 
of Colorado are some enormous laccolithic masses. 



Fig. — Vertical section through laccolith shown in Fig. 217 before denudation, 
aa, present surface: full black, remaining parts of intrusive body; vertical 
lines, portion of laccolith removed by denudation. (Holmes) 


Chonoliths. — wSometimes the shape of an intruded igneous 
body is so irregular and its relations to the country rock are so com- 
ples: that it cannot be referred to any of the preceding categories. 
For such irregular masses Daly has proposed the term chonolith^ 
which he defines as follows: an igneous body (a) injected into 
dislocated rock of any kind, stratified or not; (b) of shape and rela- 
tions irregular in the sense that they are not those of a true dyke, 
vein, sheet, laccolith, bysmalith or neck; and (c) composed of 
magma either passively squeezed into a subterranean erogenic 
chamber, or actively forcing apart the country rocks.’’ Chonoliths 
are probably much more numerous than true laccoliths^ 
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2. Subjacent Bodies 

The mode in which the plutonic masses of this group have reached 
their present position is highly problematical and still forms the 
subject of a lively discussion, to which attention has already been 
called in another connection (see p. 291). From the purely de- 
scriptive point of view, the special characteristic of these bodies 
is that their diameter increases downward to unknown depths and, 
consequently, that they do not rest upon a floor of country rock. 


Fig, 219. — Little San-Dance Hill, South Dakota. (U. S. G. S.) 


Stocks or Bosses are rounded or irregular masses of intrusive 
rock, which vary in diameter from a few feet to several miles; they 
cut across the country rock, which they have sometimes pushed 
aside and sometimes cleanly perforated, and with which the contact 
is steeply inclined or vertical The structure of the country rocks, 
such as bedding^planes, has no effect upon the shape of the stock. 
From many stocks are given off tongues or apophyses, which pene- 
tate the country rock as veins, dykes, sills, and various irregular 
protrusions* Granite, diorite, and gabbro are especially common 
in stocks and the texture frequently becomes coarser from the 
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circumference to the centre of the mass. In many instances, per- 
haps generally, stocks themselves are but protrusions from larger 
masses. 

Batholiths are great masses of plutonic rock hundreds or even 
thousands of miles in extent; in general characteristics they agree 
with stocks, except for their very much greater size, yet small 
batholiths and large stocks grade into one another, so that any line 
of deman'ation between them must be arbitrarily drawn; probably 


FiO. 220. — Bear Butte, South Dakota. (U. S. G, S.) 


all true stocks, could they be followed down, would prove to be pro- 
trusions from batholiths. Granite is the commonest batholithic 
rock, and in such masses forms the core of many great mountain 
ranges, like the Sierra Nevada and the Rocky Mountains. 


The Mechanics of Intrusion 

As in all questions which deal with the subterranean agendes, 
the exact manner in which molten magmas make their way up 
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tlirough the overlying rocks is veiled in obscurity; in fact, it is the 
unsolved problem of the ascensive force of lava in another shape. 
The great variety of forms assumed by the intrusive bodies is due to 
the complex interaction of two main groups of factors — the ascen- 
sive force rjf the molten magma, however that may be generated, 
and the resistance to be overcome. With these are frequently 
associatefi factors of a third series, the erogenic compression of the 
rocks, whidi may a purely passive magma into the cavities 

and fissures ma<le by compression. The description given in the 
preceding section of the various plutonic bodies left out of account 
the fact that the different kinds are connected tq^ all sorts of transi- 
tions. Laccoliths grade into sills, on the one hand, and into 
chonoliths, on the other, and the same continuous body may be a 
dyke in part of its course, a sill in another, and so on. The char- 
acter of the magma itself is also of importance in determining the 
result, whether the molten mass is thoroxjghly fluid or merety 
pasty, and how great the quantity of the imprisoned gases and 
vapours. In the complicated play of these different factors it is 
often extremely difficult to distinguish effect from cause, and it is 
this \vhich gives rise to such radical divergences of opinion in inter- 
preting the phenomena. 

Igneous intrusions are most abundant in regions of disturbed 
rocks, and we find great areas of nearly horizontal strata, such as 
the Great Plains, in which intrusions are not known to occur. 
On the other hand, folded, even intensely compressed, strata may 
have no igneous rocks associated with them. The Appalachian 
Mountains, for example, are singularly free from intrusions. 
I'hcse association.s have been differently interpreted. According 
to one view, the very general coincidence of extensive intrusions 
and erogenic compression implies that the magma is for the most 
part passive, and is squeezed by the compressing force into the 
actual or potential cavities which are generated by the compres- 
sion. On the other hand, there is a growing tendency among , 
many geologists to regard the deep-seated magmas as active and 
energetic agents of dislocation and to find in them the origin of the 
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compressive force itself. We have met with this tendency already 
in the discussion of earthquakes (p. 52), dislocations (p. 367), etc., 
and it must be reckoned with in all attempts to solve the great prob- 
lem of subterranean activities. As so often happens, it will prob- 
ably be found that the truth lies between the extreme views. 

In the chapter on the igneous rocks (p. 291) we learned that very 
different opinions were held concerning the proper answer to the 
question whether the magmas make their way entirely by mechani- 


FiG. 223 . — Inclusions (xcnoliths) of schist in granite. (U. S. G. S.) 


cal means, taking advantage of fissures, cavities, and lines of 
weakness, and forcing the country rock aside, or whether they may 
make room for themselves by dissolving, fusing, and incorporating 
more or less of the rocks which formerly occupied the position 
' now held by the pliitonic bodies. So far as the injected masses 
are concerned, it is seldom necessary to assume that they have 
done more than lift or push aside the enclosing rock, but the case 
> y;. is vay different with the sub jacent masses. Frequently the contact 
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Ixiiweeii the country rock and a stock or batholitb shows no evi- 
dence that the former has been compressed or crowded to make 
room for the intrusion, and it seems impossible to account for the 
presence of the plutonic mass except on the assumption that space 
hits been gained by fusing more or less of the enclosing country 
rock. It is not necessary to suppose that such fusion takes place 
tmly on the periphery of the intruding magma; on the contrary 
it seems more likely that the magma dislodges the joint-blocks 
which then sink in the highly heated mass and are gradually dis- 
soIvimL It must be admitted that this hypothesis has not been 
esta.LIislied. Some of the highest authorities maintain that it is 
definitely disproved b}' the microscopic and chemical examination 
of the bathoiithic rocks, which are not affected by the character 
of the country rock through which they break. We have here a 
conflict t)f evidence which it remains for futurestudiesto harmonize. 

The energy of intrusion is eloquently displayed along the margins 
of many batholiths, ^vhcre tlie country rock is shattered and great 
blocks are torn off and embedded in the plutonic mass. Such 
blocks are called inclusions or xenoliths^ and, on a small scale, they 
occur in other plutonic bodies, such as sills and laccoliths. The 
existence of these blocks in their imdissolved state has been made 
an argument aga.inst the assimilation hypothesis, but it must be 
rememliered that the intact xenoliths are products of the dying 
energy of intrusion, when the magma was already so stiff that 
the blocks were no longer able to sink in it. 



tion of a rock from its original condition by means other tlian 
those of disintegration. The incipient changes of the latter class 
may very greatly modify a rock and its constituent minerals, but 
such changes are distinguished from metamorphism under the term 
alteration. Metamorphism usually implies an increase in hardness 
and in the degree of crystallization, and very frequently also the 
generation of an entirely new set of minerals, which take on a 
characteristic arrangement. The degree of metamorphism varies 
according to circumstances, and from the mere consolidation of 
loose sediments to the most radical reconstruction of the rock 
there is every possible transition. Fossils may be found in those 
metamorphic rocks of vSedimentary origin which have not been 
completely changed. The more thorough the reconstruction of 
the rock, the more obscure do the fossils become, and in advanced 
stages nearly or quite all trace of them is obliterated. 

It was long supposed that the metamorphic rocks were one and 
all transformed sediments, but later investigations have shown 
that many of them were originally igneous. Indeed, it is often 
quite impossible to decide whether a given metamorphic rock has 
been derived from a sedimentary or an igneous original This is 
not surprising, for the ultimate chemical (not the mineraiogical) 
composition of a basalt, a volcanic tuff, or a clay shale, may be 
the same, and the metamorphic processes may produce an iden- 
. , tical rock from any one of these three as a starting-point. Much 
yet remains to be learned regarding the modes, causes, and results 
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of metamorphism, and some of the most far-reaching problems of 
gerdogy are bound up with these questions. 

Metaraorphism is of two quite distinct kinds: (i) contact or 
local, and (2) regional metamorphism. 

I. Contact Metamorphism 

Tin's is the change effected in surrounding rocks by igneous 
magmas. There is a difference l^jetween the effects produced by 
i surface lava How and those caused by a plutonic intrusive. In 
die former case the results are usually not very striking, because of 
the way in winch a lava stream surrounds itself with non-conduct- 
ing scoria?, and arc such as may ])C referred to the action of dry heat. 
Ifftuminuus coal is changed into a natural coke by the removal 
of its volatile constituents; clay may be baked into a hard red rock, 
looking like earthenware, and limestone changed to quick lime, 
by driving off the CO2. Plutonic intrusions, on the other hand, 
are more efficient agents of change, because they are presumably 
of a higher temperature and retain their heat longer, and because 
the vapours and gases which they contain cannot escape into the 
atmosphere, but strongly affect the invaded rocks. The rock 
invaded and metamorphosed may be either sedimentary, igneous, 
or already metamorphic, and the effects may be very marked, or 
suqirisingly small; indeed, it is often quite impossible to say why 
the changes should be so insignificant. Magmas which contain an 
abunflance of the mineralizing vajjours (sec p. 287) produce much 
more effect than those with only a small quantity of such vapours. 
For this reason acid magmas are more effective than basic. Much, 
t<io, depends upon the nature of the invaded rock; sediments 
which contain large percentages of alumina and lime are much 
more readily and profoundly changed than those which are made 
up almost entirely of silica. The distance to which the zone of 
change extends is wider when the intrusive mass cuts across the 
strata than when it follows the bedding-planes, so that a dyke 
or stock is more effective than a sill 
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We may now consider some examples of contact metamor- 
phism, and, for this purpose, shall select only the changes of sedi- 
mentary rocks; for tliose of the other classes require a treatment too 
minute and rehned for an elementary work. We may note, in 
passing, however, that some of the veins given off from granite 
stocks, which have invaded other igneous rocks, are probaldy of a 
metamor})hic nature and due to the penetration of vapours. 

In a series of strata which have been invaded by an igneous 
magma, we find a gradual change from the iiii modified rock which 
lies beyond the reach of the transforming agencies, to that at the 
actual contact witli the igneous mass. Along this line of contact 
the strata are so thoroughly reconstructed that often only a micro- 
scopical examination will distinguish the changed sediment from 
the igneous rock. A siliceous sandstone or conglomerate develops 
no new minerals in the change, or only in insignificant quantity 
from the impurities present. The bulk of the material simply 
crystallizes and forms the white rock, quartziie. Clay rocks 
undergo more radical change and are usually divisible into distinct 
zones; the outermost zone is unchanged; in the intermediate 
one the shale is changed to a dense slate spotted with biotite, 
magnetite, or other dark minerals. The spotted slate passes 
gradually into mica schist^ a rock made up of flakes of mica, 
with some quartz and felspar, arranged in rudely parallel planes. 
At the contact the rock is converted into hornfels,^ which is a very 
dense substance, looking like trap, and filled with numerous sili- 
cated minerals, such as hornblende, felsy)ar, and many others which 
were not enumerated in the chapter on the rock -forming minerals. 

Limestones axe crystallized by the heat into marble, a dense ag- 
gregation of crystalline grains of calrite, usually with obliteration 
of the bedding-planes and of any fossils which the rock may have 
originally contained. Pure limestone gives rise to w^hite marble, 
but as most limestones contain impurities, they develop, wdien 
metamorphosed, a large variety of minerals, such as biotite, gar- 

^ Also called hornsfone, but as this term is used for flint, it is better to 
retain it in the latter sense only. 
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net, amphiboles, pyroxenes, etc. Beds of bituminous coal are 
baked into a natural coke, as in Virginia and North Carolina, or 
changed to anthracite, as in Colorado, or even to graphite in the con- 
tact zone, and Hmonite is converted into magnetite. 

Among investigators of the subject there is much difference of 
opinion as to how far there is an actual migration of material from 
(he plutonic magma into the enclosing rock walls. When there 
is sliattering along the contact, or fissures and crevices are opened 
in the country rock, material, both in solution and in a state of 
fusion, is introduced. Cementation is the deposition of mineral 
matters from solution in the interstices between the granules of the 
rock. Quartz, calcite, iron oxides, felspars, mica, augite, and other 
minerals maybe thus introduced, and sometimes the quantity of new 
ma teri al brought into the rock is very large. Injection is the pene- 
tration of a rock by molten substances which may fill up all 
the minute crevices. The distinction between cementation and 
injection is not a very sharply marked one, because superheated 
water and molten magmas appear to mix in all proportions. The 
difference between the two processes seems thus to be largely a 
question of the quantity of water present. In some examples 
even into the unruptured walls fluorine and boron have penetrated, 
and probably the escaping hydro-fiuosilicic acid has introduced 
silica and some bases for a short distance from the contact. 

Contact metamorphism, as its name implies, is a local phenom- 
enon, but a widely ramifying and complex system of igneous 
intrusions may change large areas of sedimentary rocks. 


II. Regional or Dynamic Metamorphism 

This term applies to the reconstruction of rocks upon a great 
scale, in areas covering, it may be, thousands of square miles, and 
evidently other processes in addition to those of contact meta- 
morphism are needed to explain such widespread changes. Re- 
gionally metamorphic rocks are, with the exception of the slates, 



-Oblique synclinal fold in slate, showing cleavage planes at all angles to 
the bedding-planes, (U, S, G. S.) 


Cleavage and Fissility, — Cleavage is a capacity present in 
some rocks to break in certain directions more easily than in others/’ 
while fissility is a “ structure in some rocks, by virtue of which 
they are already separated into parallel lamina in a state of nature. 
The term fissility thus complements cleavage, and the two are 
included under cleavage as ordinarily defined.” (Van Hise.) 

Many unmodified igneous rocks have a marked cleavage, which is 
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thoroughly crystalline and usually have lost all trace of whatever 
fossils and stratification planes they may originally have had. 

The first step in metamorphism consists in a mere hardening 
of the rock, accompanied with the loss of water and other vola- 
tile substances. In the second stage the component minerals 
already present are crystallized, but new compounds are sparingly 
formed. This stage is frequently accompanied by cleavage, 
which, to distinguish it from that of minerals, is often called 
slaty cleavage. 



CLEAVAGE AND FISSILITY 


occasioned by the arrangement of the constituent mineral grains 
with their long axes parallel, or by a parallelism in the cleavage- 
planes of these minerals, or by both factors combined. In cleaved 
sedimentary rocks the cleavage-planes may coincide with the planes 
of stratification. Much more commonly, however, they intersect 
the latter at all possible angles, keeping a constant direction for 
long distances (parallel to the axes of the folds in which they 


Fig. 224, — Fissile quartzite, California. 


occur), while the bedding-planes change with the dip from point 
to point. Ordinary roofing slate is one of the best possible exam- 
ples of a cleaved rock and in beds of slate interstratified with other 
rocks, the cleavage is usually quite perfect in the former, absent or 
but partially developed in the latter. 

It is very generally agreed among geologists that slaty cleavage 
is a result of compression; for, disregarding certain igneous masses 


412 


METAMORPHISM 


it occurs only in rocks which show other evidences of having been 
subjected to compression. On the other hand, the mechanics of 
the problem are somewhat obscure and have given rise to differ- 
ences of opinion. The most probable view seems to be that the 
cleavage-planes are developed at right angles to the compressing 
force, and are due to the arrangement of the constituent mineral 
particles of the rock with their longest diameters, their cleavage- 
planes, or both, ill parallel directions. Further, that “' this arrange- 
ment is caused, finst and most important, by parallel development 
of new minerals ; second, by the flattening and parallel rotation of 
old and new mineral particles ; and third, and of least importance, 
by the rotation into approximately parallel positions of random 
original particles,^' (Van Hise.) Fissility is also due to com- 
pression, the rocks giving way [dong ih^ shearing-planes , which are 
inclined to the direction of the pressure. Slaty cleavage is brought 
about in the softer rocks and fissility in the more rigid by similar 
compression, 

A more advanced degree of metamorphism is characterized by 
the sehistosUy or foliation of the rocks, as is also true of contact 
metamorphism when such a rock as mica schist is formed. Schis- 
tosity or foliation is the arrangement of the component mineral 
particles of a rock into rudely parallel planes or undulating surfaces, 
in consequence of which the rock parts most readily along those 
planes or surfaces, and has a banded appearance. In the schis- 
tosity which is developed In the contact metamorphism of a sedi- 
ment, the foliation appears to be determined by the stratification 
planes, but in regionally metamorphosed rocks this is generally 
not the case. Here the foliation, like cleavage and fissility, with 
which the former is connected by all grades of transition, as a rule, 
is independent of previous structures, and is determined by the 
direction of the compressing force. The intergradations between 
cleavage and fissility, on the one hand, and schistosity on the 
other, make it appear that all those structures are due to the 
same agency operating with different degrees of power under 
somewhat different circumstances. 
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The shearing and crushing of the rocks frequently change the 
component minerals inXo par amorphic forms, i.e. those which 
have the same chemical composition, but different crystal forms; 
for example, aragonite is thus converted into calcite and augite 
into hornblende. In the more complete stages of metamorphism 
an entire chemical reorganization is made, and ne^v minerals are 
abundantly generated. Inasmuch as great areas of metamoq)hic 
rocks are almost invariably those which have been intensely 
and violently compressed, and moderately folded sedimentary 
rocks may sometimes be traced directly into intensely plicated 
metamorjdiic rocks, we are justified in concluding that the coni” 
jiression is the cause of the reconstruction, especially as the excep- 
tions arc more apparent than real. If this conclusion is well 
founded, it leads to the highly interesting and important generaliza- 
tion first clearly stated by President Van Hise, that the structures 
impressed on the stratified rocks after their first formation^ folds ^ 
faults^ thrusts^ jointSyCleamge^ fissility^ and foliation are all due to 
lateral compression, acting with different degrees of intensity and at 
different depths, depth and overlying load being controlling factors 
of the first importance. 

There is some difference of opinion as to the relative importance 
of contact and dynamic metamorphism, though it is not disputed 
that large areas may be metamorphosed by frequent and extensive 
igneous intrusions, nor that such intrusions may aid very materially 
in the transformations made by intense compression. 

Igneous masses, when subjected to the same processes, give rise 
to rocks entirely similar to those made by the metamorphism of 
sediments, so that it is sometimes impossible to distinguish between 
them. The compression may have been applied while the magmas 
were still pasty, or long after they had cooled and solidified. 
Certain rocks, like the gneiss of Manhattan Island, are believed to 
have been formed both from the metamorphism of sediments 
and the injection of igneous material, and thus to have had a highly 
complex origin. 

The Causes of Metamorphism have already been suggested in the 
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preceding paragraphs, but it will be well to summarize them, though 
it should be borne in mind that the metamorphic processes are by 
no means completely understood. 

1. Heat is evidently a very important factor of change, as is 
shown by the phenomena of contact metamorphism and by numer- 
oUvS experiments by which the proceSvS has been imitated success- 
fully. In contact mclamorphism the heat is derived from the igne- 
ous magmas, and in dynamic it is in part mechanically generated, 
in part due to the interior heat of the earth invading deeply buried 
masses. 

2. Compression is believed to be the great agent ot dynamic 
metamorphism, and the amount of the change depends upon the 
intensity of compression and the depth at which it operates. Hence 
the varying results, ranging from gentle folding, at one end of the 
series, through violent folding to complete reconstruction, crystalli- 
zation, and foliation, at the other. 

3. Moisture is another potent agent of reconstruction. Super- 
heated water under pressure is able to attack and dissolve the most 
refractory substances and to build them up into new combinations. 
Many minerals, such as the felspars, which have never been arti- 
ficially crystallized by dry heat alone wdll crystallize readily in the 
presence of superheated water, and the water lowers the tempera- 
ture necessary for metamorphism. Rocks which melt at 2500® F. 
dry heat, become pasty at 750° F. in the presence of water. In 
contact metamorpliism, steam is a very important factor of change, 
but other vapours and gases play an efficient part. 

4. Pressure f as distinguished from active compression, is a necess- 
ity for any extensive metamorphic action, whether contact or dy- 
namic. It is the difference of pressure which is responsible for the 
difierent effects of surface flows of lava and of subterranean intru- 
sions and which gives to depth its importance as a controlling factor. 
The dead-weight pressure of overlying rocks prevents the rapid es- 
capeof the mineralizing vapours ; and, when sufficiently great, causes 
the rock to shear and flow without fracture. Limestone heated at 
the pressure of the atmosphere, in a lime-kiln or an open vessel, 


THE xMETAMORPHIC ROCKS 


4^5 


becomes quicklime (CaO) through the expulsion of CO^, but heated 
under pressure, so that the gas cannot escape, it crystallizes into 
marble. Such pressure, also, is an essential factor in dynamic 
metamorphism as a precondition in enabling the rock to behave 
more or less plastically under active compression and without 
shattering. Dynamic metamorphism must therefore take place 
at considerable depths below the surface. 

It is believed by many geologists that metamorpliism may pro- 
ceed so far as completely to melt a sedimentary rock, producing 
a magma which is indistinguishable from a typically igneous one. 
Such extreme metamorphism has not been demonstrated for any 
considera])le body of rocks, but may be true, nevertheless, and if so, 
we should then have the cycle of rock transformation complete, 
from igneous rock, through sedimentary and metamorphic, back 
to igneous. Be this as it may, certain metamorphic rocks do un- 
doubtedly form a common meeting place for the sedimentary and 
igneous classes. 

THE METAMORPHIC ROCKS 

In the scheme of classification it is not yet practicable to separate 
the metamorphic rocks of igneous origin from those which are trans- 
formed sediments, for it is often impossible to distinguish one from 
the other, 

A. Non-foliated Rocks 

These represent the less advanced stages of metamorphism, in 
which the forces of compression may have produced cleavage or 
fiHsility, but not foliation. The more important rocks of this 
class are of sedimentary origin, and it will be unnecessary for us 
to consider the igneous i*ocks which have been changed, though 
not to the extent of producing foliation. 

Quartzite is derived from the metamorphosis of sandstone, and 
between the two kinds of rock are found such complete transitions, 


4i6 


METAMORPHIC ROCKS 


that the separation of them seems almost arbitrary* In a t 3 ^pical 
quartzite the rock is crystalline, and the quartz deposited around 
the sand“grains is in crystalline continuity with those grains, though 
the microscope still reveals the original fragmental nature of the 
rock. Quartzites also result from the metamorphism of conglom- 
erates, and the pebbles are sometimes much flattened by compres- 
sion, If the sandstone or conglomerate contained impurities, other 
minerals besides quartz are generated; if any considerable quantity 
of clay was present, mica will be produced and, it may be, in su(‘h 
abundance that the rock passes into mica schist (see below). 

Quartzites are formed both in contact and regional metamor- 
phism, but the change is principally due to cementation, large 
amounts of silica, (estimated as one-sixth of the original quantity 
present in the sandstone) being brought in and deposited from solu- 
tion, though this cementation may be effected by ordinary perco- 
lating waters bearing Si02 in solution, so that some quartzites 
should hardly be i*egarded as metamorpliiG. Many quartzites 
do not appear to have been subjected to great compression, while 
others are cleaved or fissile (Fig. 224). 

Slate and Phyllite. — Slate is a fine-grained, dense, and hard 
rock, which, when metamorphosed by compression, is cleaved. It 
results from the transformation of clay shales, fine arkose, and 
sometimes of volcanic tuffs. Crushed fragments of felspar change 
into interlocking crystals of quartz and felspar, or quartz and mica. 
The mineral particles, both original and newly developed, have 
a parallel arrangement of their long axes and cleavage planes, 
which determines the cleavage of the rock. In colour, slates are 
usually drab, or dull dark blue, but they may be brick-red, green, 
or purple. When fine-grained and regularly cleaved, they are ex- 
tensively quarried for roofing purposes. Great areas of them occur 
in Vermont, eastern Pennsylvania, Virginia, and Georgia, south of 
Lake Superior, and on the western flank of the Sierra Nevada. 

, Phyllite is slate in a more advanced stage of metamorphosis, in 
.. which the mica spangles are more abundant, and visible to the 
naked eye, giving lustrous surfaces to the cleavage-planes. Like 
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micaceous quartzite, phyliite may often be traced into mica 
schist 

Marble is a metamorphic limestone, in which the fragments and 
jiaiticles of organic origin have been converted into crystalline 
ailcite* Magnesian limestones yield crystalline dolomites, which ’ 
are likewise included under marble. In the process of recon- 
struction, the fossils and even the bedding- planes of the original 
limestone are usually entirely obliterated. The grain of the rock 
varies much, from the fine, dense, loaf-sugar-like statuary marble 
to a, very coarse texture of large crystals. Pure limestone gives 
rise to a white marble, but the presence of organic matter is be- 
trayed by veins of graphite, which may indicate the lines of mash- 
ing and flow, along which the rock yielded to the compressing 
force. Iron and organic matters present in the limestone produce 
a great variety of coloured and variegated marbles, some of which 
are of extraordinary beauty. The sand and clay present in many 
limestones will, on metamorphosis, give rise to a variety of silicated 
minerals. Not all crystalline limestones are to be called marbles, 
for crystallization may be the work of surface waters at ordinary 
temperature, and even modern coral-rocks may be crystalline. 
Such non-metamorphic crystalline limestones differ from marbles 
in being less hard and in retaining the fossils and stratification 
planes which they originally had. Other crystalline }ime.stones, 
like stalagmite and travertine (see p. 307), were deposited from 
solution. 

Marl)le is an exceptional case of a completely crystalline rock 
<lerived from sediments by dynamic metamorphism, which is not 
foliated or schistose. ITis i.s believed to be due to the capacity 
of calcite to recrystallize freely after it has been subjected to com- 
pre.ssion and mashing. 

The economic value of the marbles makes them largely sought 
after; in this country they are extensively developed along the 
Appalachian region, from Vermont to Georgia, in the Rocky Moun- 
tains, and the Sierra Nevada. 

The Ophicalcites are crystalline magnesian limestones and dolo- 


4i8 


METAMORPHIC ROCKS 


mites, with varying amounts of included serpentine, which gives 
them a mottled appearance. They are not thoroughly understood, 
and it appears that they may be formed in various ways. Some 
ophicalcites are almost certainly marbles, in which inclusions of 
olivine, pyroxene, or hornblende have been formed and afterward 
altered Into serpentine (see p. 19), Others would appear to be 
broken and fissured serpentines, having the crevices filled up with 
calcite deposited from solution. 

Anthracite is usually regarded as a metamorphic form of coal, 
and, as we have seen in a preceding paragraph of this chapter, it 
is formed from bituminous coal by contact metamorphism. On a 
large scale it occurs chiefly in areas of folded and disturbed rocks, 
though not invariably so. A more intense metamorphism of car- 
bonaceous material gives rise to graphite (or black lead), a semi- 
crystalline form of carbon, which, however, is a mineral rather 
than a rock. 

E. Foliated Rocks 

The foliated or schistose rocks are those which are divided into 
rudely parallel planes, with rough or undulating surfaces, due to 
the flakes and spangles of some mineral. The planes of foliation 
may coincide with the original bedding-planes or they may inter- 
sect the latter at any angle, just as do the planes of cleavage and 
fissility. The foliated rocks represent the most advanced stage of 
what we can confidently call metamorphism, and may be derived 
from either sedimentary or igneous originals; it is not always pos- 
sible to say which. 

Gneiss is a term of wide significance, which includes a number 
of rocks of different modes of origin and different miiieralogical 
com| 30 sition. It is a laminated metamorphic rock that usually 
corresponds in mineralogy to some one of the piutonic types.’* 
(Kemp.) The varieties of gneiss are ordinarily named in accord- 
ance with the most conspicuous dark silicate present, as hiotite 
gndss^ hornblende gneiss ^ etc.; but this system of nomenclature 
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gives an imperfect notion of the chaiacter of the rock. A better 
method has been suggested by Dr. C. H. Gordon and adopted by 
Professor Kemp, though the older scliemic is still in general use. 
This is to name the varieties in accordance with the igneous rocks 
to which they correspond in mineralogical composition; granitic 
gneiss, sycnUic gneiss, dioriiic gneiss, etc. The commonest variety 
is granitic gneiss j with mica or hornblende; the orthoclase and 
<|iKirlz are mingled together, with conspicuous laminae and folia 
of the dark miiieraL 


Fig. 225, Plicated gneiss, Montgomery County, Pa, (U. S, G. S.) 

dearly displays the characteristic foliation 


Most gneisses were generated by the dynamic metamorphism of 
granite, either before its consolidation or after it had cooled and 
hardened. Some authorities deny that gneiss has ever been formed 
frcmi sedimentary rocks, but there is good reason to believe that 
it sometimes has such an origin, and in certain instances the crushed 
pebbles of the parent conglomerate are still • distinctly visible, 
especially on a weathered surface. Still another series of these rocks 
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are of complex origin, granitic magmas being injected along the 
foliation planes and into all the crevices of metamorphosed sedi- 
ments. 

Gneisses are widely spread in ancient formations, especially in 
the most ancient of all, and they cover vast areas in the northern, 
part of North America. 

The Crystalline Schists arc more finely foliated than gneiss, into 
which they often grade imperceptibly, having very similar miner- 


Fig, 236. — Boulder of gneiss, displaying its conglomeratic nature on weathered 
surface. (International Boundary Survey) 


alogical composition* They have very diverse modes of origin 
arising from both sedimentary and igneous rocks. Slates, impure 
sandstones and limestones, as well as felsites, andesites, diabases, 
tuffs, etc., may all give rise to crystalline schists by contact or 
dynamic metamorphism. The varieties are named from their 
most important ferro-magnesian mineral. 

Quartz Schist is a foliated quartzite in which cleavage or fissility 
has developed into schistosity. The mashing and cementation of 
the original sandstone may take place at the same time, or the 
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C|uart^ite may be produced by the latter process and subsequently 
cMJiitverted into schist by compression. 

Mica Schist is principally composed of quartz, muscovite, and 
biotite, with more or less felspar. By an increase in the quantity 
of felspar present, and a coarser foliation, it grades into gneiss, 
and by an increase of quartz it may pass into quartzite and thence 
to sandstone. Through the phyliites mica schists are connected 


B'fG, 327. — Mica schist with garnets. Nearly natural size 


with the slates, and in another direction, by increase of lime they 
pass into argillaceous limestones. Mica schists are very largely 
exposed in New England and southward along the eastern flank 
of the Appalachian Mountain system. 

Hornblende Schist is a foliated rock, consisting of hornblende 
with a varying proportion of felspar and less quartz. The horn- 
blende schists are, for the most part, derived from the dynamic 
metamorphism of various basic igneous rocks, the ahgite being 
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readily converted into hornl^iencle by crushing, but in rare instances 
they are believed to have barl a sedimentary origin. The horn- 
blende schists occur as belts or bosses in metamorphic areas and 
are largely exposed around Lake Superior. The schists already 
described are much the most abundant members of the group, 
but there are several others. Thus, we have talc and chlorite 
schists, both of which are due to alteration, chiefly of hornblende 
schist, and graphite schist, which has quantities of that carbon 
mineral along its foliation planes. 


CHAPTER XVII 


MINERAL VEINS AND ORE DEPOSITS 

iSriNKRAL veins and ore de}x>sits are of the greatest economic 
im}.K)rtan<:e and have therefore received a great deal of attention, 
and a very extensive literature has grown up concerning them. 
Obviously, but a meagre outline of the subject can be attempted 
in this place, and the treatment of the much-disputed questions of 
the modes of formation cannot be given adcctuately or at length. 

I. Mineral Veins 

The crevices, fissures, and faults which traverse hard rocks 
generally remain open for a time and are then frequently filled up 
by the deposition of material which is quite different from the coun- 
try rock of the walls. Fissures thus filled by crystalline deposits 
aremineral veins, and these vary greatly in dimensions, from a few 
inches to many miles in length. The minute veins are filled with 
materia! derived from the walls by solution and redeposited in the 
crevices, such as the veins of crystallized calcite in limestone. 
Great fissure veins, on the other hand, which may run unchanged 
for many miles and penetrate to depths beyond the reach of min- 
ing, are ‘‘ characterized by regular, straight walls, by a fairly 
constant width, and by a definite direction of both strike and dip.^’ 
(Spurr.) Such veins are usually very distinctly marked off from 
the wall of country rock, and may be either simple or banded, 
with the bands in general parallelism with the walls of the 
fissure. In a simple vein the mineral contents are deposited irreg- 
ularly without any definite arrangement, or in a solid, homogeneous 
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mass, while the banded structure is produced in several differ- 
ent ways. One of the commonest of these ways is by the deposi- 
tion of minerals on the walls of an open fissure^ for the more perfect 
ends of the cin^stals project from the walls toward the middle of the 
vein, and the bands are arranged usually in symmetrical pairs from 
the walls inward. In many instances the .symmetrical arrange- 
ment is departed from, because a fissure once filled with crystalline 
minerals may be again opened by renewed diastrophic movements 
and a renewed deposition take place, the older vein forming the 
of the newer one. The i)arallel bands may be of the same 
mineral, or each pair may l:)e of a different mineral. Banded struc- 
may also brought about by movements of the rock sul 3 se- 
quent to the filling of the vein, and frequently both factors cooper-^ 
ate to produce the result in the same vein. 

As we have already seen (p. 341), a fault zone is often a mass of 
shattered and sheared rock, consequently it is not surprising that 
many mineral veins should be highly complex, branching and 
anastomosing around the broken pieces of country rock. In such 
it is evident that the deposition of the minerals has taken place 
a broader or narrower zone of fault rock. The nature of the 
country rock itself often determines whether a vein shall be simple 
or complex, and the same vein may be simple in one part of its 
course and complex in an< 3 ther, as the country rock changes from 
point to point, either vertically or horizontally. Before the deposit 
tion of the mineral contents, the fissure was open in part of its course, 
where the rocks yielded easily to tension, while in other parts the 
crack was represented by a mass of shattered rock, yet with abun- 
dant narrow openings, through which water could circulate., 

A third class of mineral veins is composed of the veins of replace- 
ment^ in which the circulating waters have not merely deposited 
minerals in an open fissure, but have gradually substituted one 
another, by dissolving out the latter and replacing 
it with the former, it may be molecule by molecule, so that the re- 
are pseudomorphs after the older series (seep. ii)y 
crystal form, sometimes the cleavage of the latter. 
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In this way fossils may be produced in newer minerals, even metals. 
A replacement vein represents a water channel of some kind, and 
so it has a more or less definite direction, but it seldom has sharply 
defined walls, for the new deposits impregnate the countr}^ rock 
and fade away into it. Sometimes, however, the replacement has 
been so complete that a vein results which is at first sight hardly 
distinguishable from a true fissure vein, and even a banded struc- 
ture may occur in such veins, due to a previous banding in the 
rock which is replaced. This banding of the rock may be occa- 
sioned by a succession of shear-planes, along which the first 
deposition takes place, followed by the replacement of the rock in- 
cluded lielween the shear-planes, or by the occurrence of hands of 
more and less soluble material, replaced in the order of solubility. 

Replacement veins are most commonly found in limestones, 
since those are the most readily soluble rocks, but they also 
occur in rocks which are relatively very insoluble, such as sand- 
stones, and in igneous rocks like granite. The processes of mole- 
cular substitution, which are carried on very slowly, may take place 
where there is a very small amount of soluble material present. 

Mineral veins are especially characteristic, of disturbed, frac- 
tured, and dislocated rocks, and are practically absent from regions 
of undisturbed strata. This association is what we should expect 
to find, for deep fissures are to be found only among rocks which 
have been more or less violently shifted by diastrophism or by 
igneous intrusions. Such intrusions arc very favourable to the 
formation of mineral veins, and many veins may be traced directly 
into plutonic bodies, and others are clearly results of contact 
metamorphism. 

The substances which are found in mineral veins vary widely, 
in accordance with the mode of formation, and in the same vein 
may differ greatly from point to point. Sometimes, though not 
always, the character of the country rock exercises a controlling 
influence upon the contents of the vein, which change as the rock 
traversed changes. Among the commonest and most widely 
disseminated of vein minerals are quartz, calcite, and barite (heavy 
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spar, BaSOi). Frequently the ores of the commercially valuable 
metals are found in mineral veins, which then are called metal- 
liferous veins. The minerals which fill up most of the vein, such 
as quartz, calcite, etc., form what is called the vein stuff, or gangice, 
and in the latter the ores may be disseminated in fine particles, or 
gathered in threads, pockets, or nuggets, sometimes in the native, 
or uncompounded slate, but much more frequently as sulphides, 


Fig* 228* — Dykes of sandstone in shales, Northern California. (U, S. G. S.) 


oxides, carbonates, and other combinations. Mineral veins may 
thus be regarded as a special case of ore deposits, and the mode of 
their formation can most conveniently be discussed in connection 
with the latter* 

Sediment-filled Veins, though belonging in an entirely different 
category from true mineral veins, may be briefly mentioned here* 


ORE DEPOSITS 


427 


Vertical fissures are sometimes filled up by sediment washed in 
from above, but more remarkable are the instances where the fis- 
sure was evidently filled from below with sediment different from 
the wails. In Fig. 229 is seen an example from northern California: 
the fissures which traverse the shale have been filled with sand, 
which has consolidated into firm sandstones and, as they resist 
weathering better than the enclosing soft shales, they stand out in 
relief. These are called sandstone dykes, though they are not true 
dykes, which are ahvays of igneous rocks. The explanation of 
these curious structures is given by many modern earthquakes, 
notably llie great Indian quake of 1S97 (see p. 42). It w-ill be 
remembered that on that great disturbance the ground opened 
in innumerable fissures, through which astounding quantities 
of .sand and water were discharged. Not all the fissures communi- 
cate with the surface, and if the superficial rocks rest upon uncon- 
solidated beds of sand, the sand will be forced upward into any 
cracks that may be formed, as bore-holes are sometimes clogged 
at considerable depths with clay squeezed into them by the pressure 
of the overlying rock. 

II. Ore Deposits 

The term ore implies an economic conception and means a 
source of .supply of a metal which can be profitably worked, hence 
the proportion of the metallic constituent which must be present 
for profitable working depends very largely upon the price of the 
metal Iron ore, ready for the blast-furnace, must have at least 
35 % the metal, while a 3 % ore of co])per may be employed. 
The table of the elements which chiefly make up the accessible 
parts of the earlhls crust (see p. 6) shows that the only commer- 
cially important metals which are among the first eight elements 
are aluminium and iron, wdiile the other metals form but an ex- 
cessively small proportion of the crust. It has been estimated that 
lead, tin, and zinc form some hundred-thousandths of a per cent 
each, copper is in the hundred- thousandths or millionths of a per 
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cent, silver a tenth or a hundredth as much as copper, and gold 
one tenth as much as silver, (Vogt.) Infinitesimal as these pro- 
portions seem, the metals are very widely disseminated in the rocks, 
and the processes of ore deposition are therefore, above all, pro- 
cesses of concentration^ by which the scattered particles of the metal- 
lic compounds are iDrought together in relatively large quantity. 

The variety of ore deposits, regarded from the standpoint either 
of their contents, their mode of formation, or the rocks in which 
they are found, is excessively great, and no classification of them 
is satisfactory. All that can be attempted here is a description of 
.some of the commoner and more typical kinds of ore deposits, 
with a brief discussion of the problems concerning their origin, 
problems which are still very far from definitive solution. 

Stratified Ore Deposits are usually of iron, or less commonly 
manganese, and occur in beds interstratified with other rocks. 
The ores themselves may be found in continuous sheets, thick beds, 
or scattered nodules, and were evidently deposited from solution 
in water, like the bog and lake ores which are now in process 
of formation. Very frequently bedded ores of iron are found 
among highly metamorphic rocks, especially the crystalline 
schists. Placers are river gravels which contain grains, or nug- 
gets of heavy metals, such as gold, platinum, or tin oxide (stream 
tin). They are due to the concentration of the metallic particles, 
originally scattered through veins or rocks by erosion and stream 
transportation, and owing to their high specific gravity the metallic 
particles are thrown down where gravel is deposited. The strati- 
fied ore deposits thus ofiVr no particular difficulty of explanation. 

Ores due to Magmatic Segregation. — In our study of the igneous 
rocks, we learned that deep-seated molten masses in the slow process 
of cooling and consolidation frequently undergo differentiation, 
so that different part.s of the same continuous magma consolidate 
into rocks of very different composition (seep. 290). Many basic 
rocks contain considerable quantities of metals, and there is good 
vreason to bdieve that by segregation these metallic constituents may 
be so concentrated as, to form ore bodies. The commonest ores 
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which are referred to this mode of origin are magnetic iron oxide, 
generally containing titanium, such as those of the Adirondack 
Mountains, New York, and many other regions. Iron sulphides 
containing nickel in paying quantities occur in Pennsylvania and 
Canada, and nickeliferous olivines in Oregon, all of which are re- 
garded as due to magmatic segregation. Chromite, the oxide of 
iron and chromium, also forms ore bodies of probably similar 
origin, and the great body of 5;inc ores at Franklin Furnace, New 
Jersey, has boon referred to the same category. 

Ores due to Contact Metamorphism. When the country rock, 
whi('h is invaded by a ]>lutonic mass, is of a kind that permits ex- 
tensive penetration by the magmatic vapours and gases, metamor- 
phism may result for a considerable distance from the intruding 
igneous rocks. Among the new minerals which are generated 
along the contact zone, metallic ores may occur in sufficient quan- 
tity to be economically important. The minerals in question may 
be deposited in the interstices of the Avail rock, or may replace that 
rock bodily for a greater or less distance from the actual contact. 
Ore bodies formed in this manner are usually characterized by 
the presence of garnets, oxides and sulphides of iron in association, 
and by duorite and other minerals containing duorine and boron. 
As we have seen (p. 409) there is a difference of opinion among 
geologists as to how far new mineral substances can be carried 
into the walls of country rock, but such a case as the Dolcoatli 
mine in Montana, more than half a mile from the contact with the 
granite, which has been the chief agent in metamorphosing the 
district, is highy suggestive. ‘^The ore-bearing stratum of the 
mine was originally a bed of impure limestone, wffiich has been 
metamorphosed to garnet and pyroxene, with spots of calcite. 
Associated with these gangue minerals are sulphide and telluride 
of bismuth, containing gold.’^ (Spurr.) 

Metalliferous Veins (or Lodes). — These are particular varieties 
of mineral veins, the principal characters of which have been given 
in the preceding section. Metalliferous veins are no exception to 
the rule that subterranean activities are not well understoodi 
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and among students of the subject there are many and strong differ- 
ences of opinion concerning the mode of formation of such veins. 
However, there is general agreement that the contents of veins, both 
gangue and ores, have been deposited from solution in thermal waters 
and vapours, just as certain existing hot springs are making similar 
deposits now (see p. 194). The first requisite for the formation of a 
lode is a water channel, because the metals are present in minute 
quantities, and immense quantities of water must pass before any 
considerable deposit can be accumulated. Hence, ore de])osils 
are found in fissures, shattered rock-masses, in joints, in porous 
and soluble strata, where water may pass with comparative free- 
dom, and further these waterways must, directly or indirectly, 
communicate with great depths, or with highly heated rocks, 
permitting supplies of hot water to reach them. 

There is no general agreement as to the source of the waters 
that have filled the veins with gangue and ores. Perhaps the 
majority of geologists incline to the opinion that such waters are 
meteoric, ix, of atmospheric origin, and that the w^aters descending 
through the rocks dissolve the metallic and other minerals and pene- 
trate to great depths until they become highly heated and rise again 
through fissures. As the waters, thus charged with ore and gangue 
minerals in solution, ascend to the cooler, layers nearer the surface, 
they are chilled and precipitate the greater part of the dissolved 
substances along the waterways. An alternative viewq which .seems 
to be better founded, is that the solvent hot waters are largely of 
magmatic origin; that is to say, that they are derived from the 
immense quantities of superheated steam which impregnate the 
igneous magmas. How vast Is the amount of this water, is shown 
us by every great volcanic eruption, but the slowly solidifying plu- 
tonic bodies must give off their steam much more gradually. With 
the highly heated ascending magmatic waters are doubtless mingled 
a greater or less proportion of meteorfc waters, varying in amount 
according to local circumstances. 

The views held concerning the origin of the ore substances 
, themselves are similarly divergent. The hypothesis that the solvent 
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waters are mainly of meteoric origin seems to involve the conclusion 
that the metallic minerals are dissolved out of the rocks through 
which the waters descend, while the magmatic hypothesis finds the 
source of the metals in the plutonic masses. For lack of space, it 
is impracticable to present here the evidence for and against these 
conflicting opinions; it must suffice to point out that the exceptional 
occurrence of the metalliferous veins and the nearly or quite uni- 
versal association of igneous rocks with such veins, seem, in the 
])resent state of knowledge, to lend greater probability to the mag- 
matic hypothesis. Obviously, however, no definitive conclusion 
is yet possible, . 

Secondary Enrichment of Fern.?. -—The outcrop of a mineral 
vein is much altered by weathering; the depth to which this altera- 
tion penetrates is determined by the level of the ground water. 
For example, in the deeper portion of many gold-bearing veins the 
gold is contained in crystals of pyrite, while above the ground- 
water level, in the shell of •weathering, the gold is scattered in 
minute threads and grains of native metal through a mass of more 
or less shattered quartz, which is stained rusty red or brown, and the 
pyrite has disappeared, Pyrite, when exposed to air and water, 
is slowly converted into the soluble ferrous sulphate (FeS04), 
which in turn is oxidized into limonite, with liberation of sulphuric 
acid. Iron is an important constituent of most ore bodies, and its 
conc’entration and deposition below the surface as limonite or 
haematite forms the gossan, or iron hat of mining phraseology. 

In many veins the process of weathering results in the formation 
of a zone of secondarily enriched sulphides. The unaltered ores 
in the depths of the vein are sulphides, but from the surface to the 
ground-water level they are oxidized, and below the zone of oxida- 
tion is found that of the secondary sulphides, which, when present, 
is apt to be much richer than the deeper portions of the vein, be- 
cause it represents an additional stage of concentration. The 
metals are dissolved in the oxidized portion of the vein by percolat- 
ing waters, carried downward and substituted for part of the 
iron in the original sulphides below. 
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Ore Deposits formed by Surface Waters; — The ore bodies of this 
class are formed by the concentration of the metals disseminated 
in the rocks, through solution and deposition by surface waters. 
Such deposits are made not far from the surface, to which they show 
a definite relation, and disappear downward. The most abundant 
ores of this class are those of iron and are exemplified in the famous 
Lake Superior region. 

Many of the ores of lead and zinc, which also occur in veins, 
seem to be referable to this class, though the bodies have no definite 
relation in form to the surface. Such ores occur in limestones, 
in crevices, along joint or bedding-planes, in cavities, or by replace- 
ment of the country rock, and appear to have no connection with 
any fissures rising from great depths, nor with intrusive masses of 
igneous rock. The mode of formation of these ore bodies has been 
the subject of much discussion and is not yet entirely clear, but in 
the case of the upper Mississippi Valley, for example, it is very 
generally believed that the deposition has been accomplished by de- 
scending and circulating waters from the surface which have dis- 
solved and concentrated the metallic sulphides originally dissemi-^ 
nated thinly through the limestones. The disseminated sulphides 
are supposed to have been deposited in the limestones at the time 
the latter were accumulating in a great inland sea, being brought 
in solution from the land. . There is ground for believing that lead 
is but one member of a series of radio-active elements, and, if this 
is true, we shall be unable to determine which of these elements was 
the one actually deposited in that ancient sea. 

Simmary of Structural Geology. — Structural geology brings 
vividly before us the innumerable changes through which the 
earth’s surface has passed, and which are recorded in the rocks. 
The sedimentary rocks, originally laid down under water in approxi- 
mately horizontal positions, have been upheaved into land surfaces, 
either without losing that horizontality, or being tilted, folded, com- 
, , pressed, or even violently overturned. Or, they may be fractured 
and dislocated in great faults and thrusts. These movements 
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we have found to be due to enormous lateral compression set up 
within the crust of the earth, a compression generated in some 
manner not yet clearly understood. Whether folding or faulting 
shall result from a given compression depends upon the rigidity 
of the strata, upon the load which overlies them, and the sudden or 
gradual way in which compression is applied. The results of com- 
])ression on a large scale are accompanied by certain minor changes 
not less characteristic. Compressed rocks are cleaved, fissile, 
or schistose, according to the intensity of the action, and whether 
tlie rocks affected are in the shell of flowage or of fracture. These 
changes may go so far as completely to reconstruct the minerals of 
the rocks, destroying the old, generating new, and obliterating the 
original character of the strata, llms, displacements^ dislocations, 
cleavage, fissiliiy, and dynamic metamorphism are but the varying 
results of lateral compression, acting under different conditions and 
at varying depths. 

Another class of rocks — the igneous, massive, or unstratified — 
we found to have penetrated and overflowed the strata, and to have 
consolidated in the fissures and cavities which they have made for 
tliemselves, or to have been poured out freely on the surface. 
According to the circumstances under which these masses have 
cooled, the resulting rock is of glassy, porphyritic, finely or coarsely 
crystalline texture. When solidified as sheets or dykes, the igneous 
rocks may be folded, faulted, cleaved, or metamorphosed like the 
strata, and wdien a region has been long and repeatedly ‘subjected 
to compression, its structure may become excessively complex, 
and the metamorphosis of its rocks so complete that not even the 
most careful examination will suffice to distinguish those rocks 
which were originally sedimentary ‘from those which w^ere igneous. 

Highly heated waters circulating through fissures and along the 
joint-planes of the rocks deposit the substances which form the 
mineral and metalliferous veins, though concerning the source of 
these substances and of the solvent w^aters there is much difference 
of opinion. 

Our study has taught us that many of these j)rocesses go on ; 
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deep within the earth’s crust, and hence cannot be directly ob- 
served, but must be inferred from their results. Encouraging 
progress has already been made in this work, but very much more 
remains to be done before our knowledge of structure and its full 
meaning shall be even approximately complete. 


PART III 

GEOMORPHOLOGY 

CHAPTER XVHI 
THE GEOGRAPHICAL CYCLE 

Geomorphology^ or physiography, is the study of the topo- 
graphical features of the earth, and of the means by which, and the 
manner in which, they have been produced. In this country the 
term physiography, or physiographic al geology, is firmly established 
and very widely used. This is unfortunate, because the term was 
originally proposed and still continues to be employed in a very 
different sense. It would be an advantage in clearness and pre- 
cision of nomenclature, if Geomorphogeny ^ which is extensively 
made use of in Germany, could be substituted. 

This sul)ject is primarily a department of physical geography, 
but is of value to the geologist for the light which it throws upon 
the historical development of the land surfaces, and upon features 
of the past which are not recorded in the processes of sedimenta- 
tion, The geographer endeavours to explain the topographical 
forms of the land, and, in order to do this, he must show how 
those forms have originated. The geologist, on the other hand, 
makes use of the topography to determine what changes have 
passed over the land, and in what order those changes have oc- 
curred. The old method of reading geological history concerned 
itself merely with the sedimentary accumulations and igneous 
intrusions. This method has the defect of leaving us without 
information regarding the changes of land surfaces (except where 
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transgressions of the sea are recorded in unconformities) and the 
details of mountain-making. The physiographical method sup- 
plements this by adding, in part, the required information con- 
cerning the land surfaces. Each method is improved and strength- 
ened when we use both of them together, and when we are able 
to correlate the accumulations of sediments with the denuding 
processes which furnished the material. 

The topography of any land area may be considered as the 
outcome of a struggle between two opposing sets of agencies: 
(i) those which tend to upheave the region and thus increase its 
elevation; (2) those which tend to cut down the land in one place 
and build it up in another. The latter comprise the agencies 
of degradation and aggradation respectively, while the former are 
Xht diastrophic agencies. 

The details of topography are, in large degree, controlled by 
still a third class of factors, which, however, are passive rather 
than active; namely, the character, arrangement, and attitude of 
the rock masses. A partially degraded region in which the rocks 
are homogeneous will have a very different kind of relief from one 
in which the rocks are heterogeneous and differ materially in their 
powers of resistance to the denuding agents. A region of hori- 
zontal strata will give rise to very different topographical forms 
from those which are developed in areas of folded or tilted strata. 
We must furthe^r distinguish between regions whose topography is, 
in the main, due to constructive processes and those in which 
denudation lias prevailed. Examples of such constructive forms 
are volcanic mountains, and plains or plateaus formed by widely 
extended lava flows, plains newly deserted by the sea and due to 
sedimentation, alluvial plains of rivers, and the mounds, ridges, 
or sheets of drift spread out by the action of glaciers and of the 
waters derived from their melting. Still another important kind 
of topography is the tectonic ^ in wdiich the main features have l)een 
determined by tectonic processes, more or less modified by sub* 
sequent denudation; the ridges are anticlines and the valleys 
syndines, while fault scarps may form long lines of diff. 
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The topography of any region is, as we have seen, the resultant 
of the very complex interaction of many different kinds of factors, 
and is subject to continual change according to definite laws. 
Let us suppose, in the first instance, a region newly upheaved 
from beneath the sea into dry land. The topography of such an 
area will be constructional, due entirely to the processes of dia- 
strofjhism and accumulation, and characterized by the absence of 



Fig. 229. — Volcanic topography, northern Arizona. (U. S. G, S.) 


a highly developed system of drainage by streams. The coastal 
plain of the middle and southern Atlantic States is an example of 
such topography but .slightly modified. 

Next, the processes of denudation begin their w’^ork upon the 
region. The sea attacks the coast-line by cutting it back in one 
place and building it out in another, until a condition of equilib- 
rium is attained. Rivers are established, adjusting themselves to 
the structure of the underlying rocks, and cutting deep, trench-like 
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valleys, while the atmospheric agencies widen out the valleys, 
slowly wearing down and washing away the sides and lops of the 
hills. This is the stage in which we find the greatest degree and 
variety of relief, and it may be called the stage of maturity^ as 
contrasted with the first, which is a stage of youth. The continu- 
ance of the degrading operations will, if uninterrupted, eventually 
wear down the region to a nearly plane surface, througli which 


Fig. 230. Glacial topography, eastern Washington. (U, S, G. S.) 


sluggish streams meander, the featureless condition of did age. 
When the process is complete, the country is said to be base- 
levelled. 

The conception of the cycle of topographical development is 
essential in geomorphological reasoning. Each cycle begins with 
the uplift of an area approximately at base level, the processes 
of denudation working with minimum efficiency and extreme 
slowness. The movement of upheaval revivifies the destructive 
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agencies, and the work of carving out a surface of relief begins 
afresh, only to terminate, unless interrupted by renewed elevation, 
in once more base-levelling the region. A complete cycle is thus 
from base level back to base level, though, as it is a cycle, a be- 
ginning may be selected at any part of it. 

The details of the cycle differ widely under different climatic 
conditions. If we take the successive stages as they arc developed 
in a pluvial climate, with all basins filled, abundant rivers running 
to tlie sea, and all the snow of winter melting in summer, to con- 
stitute the normal cycle^ we shall find that tlie arid cycle of desert 
climates deviates from tlie normal in very important ways. 

The term age as applied to topographical features does not 
mean the length of time required for their formation, hut merely 
the stage of development within the cycle which they have at- 
tained. The length of time required to reach a given stage of such 
development will vary greatly in different regions, in accordance 
with climatic conditions, the resistance of the rocks, their altitude 
above sea-level, and similar factors. An area of resistant rocks 
in an arid climate will be hardly at all affected in the time that a 
mass of soft rocks exposed to a heavy rainfall will be cut down to 
base-level. 

It seldom, if ever, happens that the topographical development 
of a region proceeds uninterruptedly through the stages of youth, 
maturity, and old age. Oscillations of level introduce new con- 
ditions and cause the work of denudation to start afresh with re- 
newed energy, or, if the movement be one of depression, it will 
check the work already in progress. The cycles of development 
are thus partial rather than complete, and a given region may 
display topographical forms dating from very different and widely 
separated cycles. The more resistant rocks retain the features 
acquired in an earlier cycle, while the weaker and more destructible 
rocks have already taken on the forms due to a later cycle. A 
landscape thus often includes features of different geological dates, 
and it is in the identification of these that the value of the physio^ 
graphical method to historical geology consists. 
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In the production of new topographical forms, old ones are 
more or less completely destroyed, and thus, the farther back in 
time we go, the fewer subdivisions are recognisable, and only the 
outlines of the great cycles can be followed. Very ancient features 
would be quite obliterated in the successive cycles of develop- 
ment, were they not sometimes buried under the sediments of an 
encroaching sea. A subsequent reelevation of the area into land, 
and a stripping away of the ('overing of newer sediments by the 
agencies of denudation, wull again bring to light the ancient land 
surface which had been buried for ages. An interesting example 
of tliis is ]")resented by the C barn wood Forest in England, where 
an extremely ancient landscape is slowly coming to light, as the 
covering of soft rocks, which has so long preserved it, is removed 
by deniKlation. 

In Part I we have already studied the agencies of denudation, 
but there we concerned ourselves principally with their modes of 
operation and their efficiency in destroying old rocks and in fur- 
nishing material for the construction of new^ We have now^ to 
consider these agencies from a somewdiat different point of view; 
to determine the characteristic forms of land sculpture wffiich they 
produce at the various stages of their work. 

The Sea. — The work of the sea is confined to the coast-line, 
which it cuts back by the impact of its weaves and currents. Speak- 
ing broadly, the waves do but little effective work below’- the limits 
of low tide, and advance by undermining and cutting down the 
cliffs which form the coast. The result of the wmrk is to form 
a platform covered by shallow w^atcr, wffiich is called a plain of 
marine denudation. As observed in actual cases, these platforms 
are narrow; for so long as the sea-level remains constant with 
reference to the land, there is a limit to the effective assault of 
the waves upon the shore. The water covering the platform is 
very shallow, and only in exceptional cases do the waves have 
sufficient power to overcome the friction of a wide platform. The 
, ; materials removed from the land are piled up at the seaward foot 
of the platform and extend it in that direction. 
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An example of a plain of marine denudation is found on the 
north coast of Spain, where there is a bi'oad platform between the 
mountains and the sea, almost perfectly dat. This plain has been 
uplifted above the sea-levei and has been but little dissected by the 
su])alh'ial agents. Narrower platforms, still in process of exten- 
sion, may be observed on most rocky and precipitous coasts, as 
those of Scotland, Ireland, and France. Along a slowly sinking 
coast the platforms may be cut back much farther, for the deep- 
iming water prevents the loss of wave powder by the friction on a 
shoal bottom. If, on the other hand, the coast rises at intervals, 
a series of terrace-like platforms will be cut. 

As we shall see in the following section, plains may be produced 
by the work of the subaerial agencies, and it is often important to 
distinguish between the plains of submarine and those of subaerial 
origin. This distinction cannot always be made with certainty, 
but not unfrequently the plain shows unmistakable signs of the 
manner in which it was made. In the plain of marine denudation 
the sediments formed from the waste of the land will be deposited 
upon the seaward portion of the platform, or upon a lower level 
of previous formation. Further, this sediment will show by its 
character that it actually was derived from the material cut away 
by smoothing the plain, and the whole of it, even its bottom 
layers, will be of marine origin. In such a plain the advancing 
sea must have obliterated the stream valleys which had been 
excavated when the region was land. This obliteration will be 
performed partly by shaving down the divides, or watersheds, 
between the streams and partly by filling up the valleys with 
sediment. 

When the region is once more uplifted above the level of the 
sea, an entirely new system of drainage will be established upon 
it, determined by the slopes of the overlying cover of newly de- 
posited sediments, and having no reference to the structure , and 
arrangement of the underlying older rocks. These newly estab- 
lished streams may, if the upheaval of the country gives them 
sufficient fall, cut down through the newer sediments. Indeed, 
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the latter may eventually be swept away entirely by the various 
vSubaerial agencies, hxit the stream courses, which were determined 
originally by the slopes of that newer sediment, will show little or 
no adjustment to the structure of the underlying older rocks. 

These criteria are useful in identifying those plains which were 
smoothed by the action of the sea; but when the processes of sub- 
aerial denudation have completely dissected the elevated area, all 
such evidences may be removed and the origin of the plain may 
become quite indeterminable. 

The Subaerial Agents are those which operate over the entire 
surface of the land. Tlieir tendency is, in the first instance, to 
carve out valleys and leave relative eminences standing, and thus 
to increase the irregularity, or relief , oi the land. This, however, 
is merely a temporary stage, and if time enough he granted, these 
agencies will sweep away the irregularities and plane the entire 
region down to base-level. 

Rivers cut down and deepen their channels so long as then- 
beds have sufficient slope and fall. The banks also are under- 
mined, as the current swings from side to side, and frequently fall, 
thus widening the channel. The sides of the trench, unless re- 
moved by other agencies, will be as steep as the nature of the 
rock material will allow. Unassisted river action will, therefore, 
cut nearly vertical trenches, which are continually deepened, until 
the base-level is reached. Examples of such river-cut trenches 
are the Au Sable Chasm (sec Fig. 58, p. 142) and the inner gorge 
of the Grand Canon of the Colorado, 

The trench-like valley, with nearly vertical sides, is, however, 
not the usual form of river valley. The atmospheric agencies, the 
undermining and saj>ping of springs, landslips, and the like, are 
continually wearing away the sides of the excavation, the waste 
thus produced being readily carried away by the stream. As the 
upper part of each hillside and cliff is that which has l^een longest 
exposed to the denuding agencies, the valley will be widened 
at the top more than at the bottom, and will gradually become 





widely open, unless the alternation of hard and soft strata be siicl 
as to favour the retention of the cliff-like form by undermining 
A system of river valleys is normally accordant, the tributaries 
entering the main stream at grade, and each valley is winding, 
with pi'ojecting spurs from the sides, and of V-shaped cross- 
sectiom 

The rapidity with which the deep and narrow trench is 
into the broad, gently sloping valley will depend upon two sets 
conditions, (i) Upon the climate, which is as much as to 
the intensity with which the denuding forces operate. Canons 
and narrow gorges are much more frequent in arid regions than 
in those of abundant rainfall. (2) Upon the resistant power of 
the rocks. If the valley sides are composed of rocks which yield 
readily to weathering, the trench will be speedily broadened, while 
if the rocks offer great resistance to chemical and mechanical dis- 
integration, the gorge-like form will be retained very much longer. 
This is illustrated by almost any considerable stream, such as the 
Delaware or the Potomac. In certain places the valley is widel 
open, while in other parts of the course are deep gorges, as at the 
Delaware Water Gap and Harper’s Ferry. The gorges occur in 
the places where the stream cuts across hard, resistant rocks, and 
the open valleys are found where it intersects softer and 
destriictible rocks. 

Rivers also produce changes in topograpliy by constructional 
])rocesses, as in their flood plains and terraces, processes which 
are most notal>Ie in the lower parts of the course, and which 
increased efficiency through a subsidence of the region. 

Degradation is most rapid on the hillsides which border river 
valleys, because of the removal of waste by the rivers. A 
from tlie streams the denudation of the country is much slower, 
because the waste is less readily removed. Those points will 
longest remain standing above the general level which are com- 
posed of the hardest rocks and are farthest removed from 
principal hnes of drainage. 

A glaciated region has a topography marked by rounded, 




444 


THE GEOGRAPHICAL CYCLE 


flowing outlines, with smoothed, polished and striated rocks in the 
central zone, where erosion was most active, and with lines of 
moraine, sheets of drift and overwash plains, eskers and drumlins 
in the peripheral zone, where denudation was feeblest and deposi- 
tion more important. Glacially excavated valleys are over deep- 
ened, IT-shaped in section, with the projecting spurs truncated, 
or entirely removed, and the tributary valleys are not graded to 
the main trunk, but left hanging on the retreat of the ice. Great 
numbers of lakes are characteristic of such regions, 

The subaerial agencies act with the greater efficiency the more 
elevated the region upon which they operate. Consequently, so 
long as the region be not again elevated, denudation operates at 
a continually diminishing rate. The strong relief of hill and 
valley is carved out with comparative rapidity, but the more 
nearly the country is reduced to base-level, the more slowly does 
degradation proceed, and the final stages of base-levelling must be 
exceedingly slow. Nevertheless, if no renewed upheaval takes 
place, the loftiest and most rugged land surface must be eventu- 
ally cut down to that level. The universal and permanent base- 
level is, of course, the sea; but other local and temporary base- 
levels may for a time control the development of certain areas. 
Tributaries cannot cut below the main stream into which they 
flow; a lake forms the base-level for the streams which supply 
it, until the lake is removed by draining away or being filled with 
sediment. Regions, like the Great Basin, whose drainage finds 
no outlet, may have base-levels either above or below the level of 
the sea;, e,g. the surface of the Dead Sea of Palestine is 1308 feet 
below the Mediterranean. 

It is perhaps a question whether any large region has ever 
remained stationary for a sufiicienlly long time to be absolutely 
base-levelled. On the other hand, there is abundant evidence 
to show that such areas have been w^orn down to a low-lying, 
featureless surface, with only occasional low protuberances rising 
above the general level Such a surface is called a peneplain^ 
and represents what is usually the final stage of a cycle of denuda- 
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lion* Here and there an isolated peak may remain high enough to 
deserve the name of mountain, which owes its preservation to the 
exceptionally resistant nature of the rocks of which it is composed, 
or to its exceptionally favourable position with reference to the 
drainage lines, A renewed iipheavaL of the peneplain will begin 
another cycle of denudation, revivifying and rejuvenating all the 
destructive agencies, and valleys and hills will be carved out of 
the aj^proximately level surface. In a peneplain dissected by the 
revived streams the sky-line of the ridges is notably even, and all 


Peneplain, with residual mountain, Southern California. (Photograph by 
H. W. Fairbanks) 


the heights rise to nearly the same level. Differences of level are, 
however, frequently produced by a warping process, which may 
accompany the upheaval, raising some portions of the peneplain 
to greater heights than others. Excellent examples of reelevated 
and subsequently dissected peneplains are the uplands of southern 
New England and the highlands of New Jersey. 

In topography climatic differences are very obvious, because 
in each climate the dominant subaerial agents are characteristic, 
and the modifying effects of vegetation are likewise dependent 
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upon climatic factors. In the polar lands destructive work is 
accomplished chiefly by the activities of frost and ice, while in 
temperate lands with normal rainfall rivers and rain are the 
principal agents. In arid regions changes of temperature and 
wind are the most active processes, though the scanty vegetation 
gives to the rare but violent rains an unusual effectivenevSs. All 
of these climatic differences are reflected in characteristic topo- 
graphical forms. 

The Arid Gycle 

“The essential features of the arid climate , . . are: so small 
a rainfall that plant growth is scanty, that no basins of initial 
deformation are filled to overflowing, that lio large trunk rivers 
are formed, and hence that the drainage does not reach the sea.^^ 
(Davis.) 

The peculiarities of erosion in arid climates have already been 
described; it iremalns to point out the characteristic features 
of the geographical cycle under arid conditions, as these are 
defined in the preceding paragraph. The successive steps of 
the cycle are much affected by the topography at the beginning, 
but it would lead us too far to take into consideration all the 
.^. various cases, and only a general outline can be attempted. We 
hneed only assume the elevation of a large area, with more or less 
of deformation. The drainage will be consequent on the newly 
' formed slopes, and the lowest part of each basin will form the 
local base-level, for the streams of each basin of deformation 
are confined to that basin and die away in the floor without 
uniting into a permanent trunk stream. Occasionally or peri- 
odically a playa lake may f<mm, into which all the streams may 
flow, but as a rule they are disconnected fragments of a drainage 
system. 

In the youth of the cycle the highlands are slowly eroded, 
and deposition takes place on the slopes and floor of each basin, 
diminishing the relief and raising the local base-level, a strong 
contrast to the corresponding stage of the normal cycle, in which 
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relief is increased by the excavation of stream valleys. Even, 
in arid regions, however, valleys are cut on the highland slopes, 
while the basin door is made nearly level by deposition. This 
stage is exemplified by the Great Basin and its mountains. Water 
is the chief agent of erosion and deposition during the period 
of youth, but the wind is also important in eroding the bare 
rocks and in distributing the finer waste, part of which it 
carries outside of the arid region altogether. Extremely slow 
as this process of complete removal of the finer debris by the 


I’m. 232. — The Mohave Desert, California. (Photograph by H. W, Fairbanks) 


wind undoubtedly is, yet it is the only agency which actu^lfy 
lowers the average altitude of the region, for no water flows out 
of the area we are considering. 

Maturity of development is attained by the connection of 
the separate initial basins into a continuous whole. Erosion 
of the highlands and deposition on the basin floors may result 
in the formation of a continous slope from a higher basin to a 
lower one, so that, even in the absence of any permanent stream 
connecting the two, the rain will wash material to the lower 
basin and a new and lower base-Ievel will be established for the 
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higher one, while the lower basin floor will be built up by the 
transfer to it of the waste accumulated in that which lies at the 
higher level. “ As the coalescence of basins and the integration 
of stream systems progress, the changes of local base-levels 
will be fewer and slower, and the obliteration of the uplands, 
the development of graded piedmont slopes and the aggradation 
of the chief basins will be more and more extensive^’ (Davis.) 
In maturity the relative efficiency of the eroding agents is 
not the same as in the earlier stages. Large areas at the foot 
of the mountains and highlands have already been graded to an 
even slope by the torrents formed by the rare but violent rains. 
When vertical trenching can be carried no farther, lateral erosion 
removes the divides between the streams, which thus have no 
definite channels, and the water flows down the graded slope 
in a thin sheet The wasting away of the highlands diminishes 
the scanty rainfall, and the quantity and efficiency of the water 
decrease with the dimmution of relief, but the activity of the 
wind is not affected, and hence its relative importance is increased. 

The continuance through vast periods of time of the slow 
processes above outlined will result in the destruction of the origi- 
nal relief, its place being taken by large plains of bare rock, 
sloping to plains of accumulation. If the strata have been dis- 
turbed by folding or tilting, the plain surface cuts across their 
structure to an even slope. The work is done without reference 
to the sea as a base-level and the altitude of the plain is deter- 
mined by the loss of material through transportation by the wind. 

The period of old age begins with the breaking up of the unified 
drainage system through the excavation of wind-made hollows 
in the softer rocks, a process unlike anything which we have 
found in pluvial climates, where a drainage system once established 
is not disintegrated during the progress of a normal cycle. If 
the desert were strictly rainless and erosion carried on by the 
wind alone, there would apparently be no limit to the excavation 
of such hollows, but no such instance is known, and the occasional 
. heavy rains suffice to counteract it by filling up the hollows, but 
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the drainage S 3 ?'stem is effectively disintegrated, and the waste, 
which in the stage of maturity gathered on the lower parts of the 
region, is washed about irregularly. The surface worn down 
by the wind may have no slope in any particular direction, for 
the wind has no base-level and is not affected by the inclination 
of the ground, but this surface may be reduced to an essentially 
jdaindike character* Harder masses of rock, which luive success- 
fully resisted wear, may rise above the plain as residual moun- 
tains, just as they sometimes do in the peneplain of the normal 
cycle. 

'The deserts of North America have not reached the condition 
of old age, but it is realized in South Africa, where the desert 
jdains have lately been studied by Dr. Passarge, whose con- 
clusions are thus summarized by Professor Davis: “Passarge 
states that these desert plains are not undulating with low hills, 
but true plains of great extent, from which the isolated residual 
mountains rise like islands from the sea. The residuals may be 
low mounds, only a few metres high, or lofty mountain masses, 
rising several thousand metres above the }3lains. The plain 
surrounds the steep slope of the mountains with a tabledike 
evenness; there is no transitional l)elt of piedmont hills, and no 
intermediate slope. The mountains consist of resistant rocks, 
such as granite, diorite, gabbro, quartzite, etc., granite beitig 
the most frequent; the plains are of more easily eroded rocks, 
such as gneiss, schists, slates, sandstones, and limestones. The 
l)edding of the rocks is not (lat, l)ut disturbed; the plain therefore 
truncates the rock structures, . . . Tlie products of weathering 
are usually sj>read as a tliin veneer on the plain; tlie waste does 
not lie in place, on the rocks from which it was weathered, but 
has been drifted alxmt by wind and ilood and has gathered in 
slight depressions. . , . These rock-floored plains are not up- 
lifted peneplains, but are the product of desert erosion unrelated 
to normal base-level, in which occasional water-action has co- 
oj>erated with persistent wind-action.*^ 

We have definite evidence tliat the earth has undergone many 
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climatic changes and that among these changes the alternation 
of arid and pluvial conditions in the same region have not in- 
frequently occurred. Hence, in deciphering the history of any 
high-level plain the distinction between the normal and the arid 
cycle must always be borne in mind, and, if possible, evidence 
obtained which will enable the observer to determine whether 
the plateau is a reelevated peneplain, or the product of an arid 
climate. 



CHAPTER XIX 


LAND SCULPTURE 

While the final effect of the siibaerial denuding agencies is to 
sweep away all relief and to cut the land surface down to low- 
Iving base-levels or peneplains, yet in the process great irregu- 
larities are produced by the more rapid removal of some parts 
than of others. The topographical forms generated by this dif- 
ferential erosion vary much according to circumstances. We 
have already considered some of these differences with regard 
to the agencies which have produced them. Now we have to 
examine the differences with a view of learning how topographi- 
cal forms are determined by the character and arrangement of 
the rocks which are undergoing degradation. 

Forms in Horizontal Strata. — When a peneplain or plain of 
marine denudation is lifted high above sea-level, without folding 
or steep tilting of the strata, streams are soon established upon 
the new land, and proceed to cut deep trenches across the plateau, 
which arc gradually widened out under the influence of weather- 
ing, and the arrangement of hard and soft rocks iinds expression 
in the resulting forms. If the surface layers resist weathering, 
the ])iateau will be gradually dissected into flat-topped mesas 
and table-mountains, w^hich in the progress of denudation are 
converted into pyramidal shapes ; while if the whole mass of rocks 
be easily destructible, they weather down into dome-shaped and 
rounded hills, which are smallest at the top, the part longest 
exposed to weathering. The wild and grotesque scenery of the 
Western bad lands, with their chaos of peaks, ridges, mesas, 
and buttes, is merely the result of the differential weathering of 
horizontal strata, some beds and parts of beds yielding more 
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readily than others. The bad lands are carved out of soft and. 
scarcely indurated rocks, but firm rocks in climates of similar 
aridity give rise to many vertical-sided mesas (see Frontispiece), 
as is so notably the case in the sandstones of New Mexico. In 
pluvial climates the slopes are gentler. 

If a series of more resistant beds underlies a mass of softer 
strata, a change in the topographical forms will occur when the un- 
derlying harder rocks arc partially expOvSed. In the soft rocks 
the valley sides have gentle slopes, but when the harder mass is 
penetrated, the slopes become steep, or even vertical. When 
hard and soft strata alternate in a valley wall, the harder Ijeds 
form clifis. This is accomplished by cutting away the softer 
beds and thus undermining the harder ones, until the latter can 
no longer support their own weight, and. masses fall from the 
face of the cliff, thus maintaining the vcrticality. The talus 
blocks form a slope, connecting the successive clifls by gentler 
inclines. The Uinta Mountains in northern Utah are formed 
by a great anticlinal arch, so broad and gently curved that in 
a given section the strata appear almost horizontal. Out of these 
immensely thick and nearly level masses the subaerial de- 
nuding agencies have carved an infinite and most picturesque 
variety of peaks, pinnacles, columns, and amphitheatres, while 
the streams have cut profound and gloomy canons. Vast talus 
slopes remain to indicate the amount of destruction. 

Forms in. Inclined Strata. — Inclined or tilted strata give rise 
to a different class of topographical forms. If, as is generally 
the case, harder and softer strata alternate, the latter w.ill be swept 
away more rapidly than the former, . which are left standing as 
ridges or cliffs, the height and steepness of which are determined 
by the thickness and inclination of the more resistant rocks. 
In case the strata are steeply inclined, a vSuccession of hard beds 
, alternating with soft will give rise to a series of ridges and valleys, 
the slopes of which depend upon the angle of dip. If the beds 
are standing in a vertical position, the two slopes of each ridge 
will be nearly equal, the hard strata forming the backbone of 
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the ridge and the softer ones the sloping sides. Often narrow 
ridges, more or less closely resembling dykes of igneous rocks, 
are formed by the isolation of hard vertical strata, the softer beds 
un eacli side being removed by erosion. As the inclination departs 
from verticality, the more unequal do the two slopes of each 
ri<ige become, the longer and gentler one being in the direction 
of the dip. Ridges and valleys of this class are beautifully eV 
emplilied in the Appalachian Mountains. Figure 40 (p. 115) shows 


Fig. 233. — Escarpments and dip slopes, Montana. (U. S. G. S.) 


Kittatinny Mountain, through which the Delaw^are River has 
cut the famous Water Gap; the crest of the ridge is formed 
by very hard and indestructible sandstones and conglomerates, 
while the broad valley above and below the gap is in slates or 
other destructible rock. ■? 

In gently inclined strata the abruptly truncated and cliff-like 
outcrops of the hard beds are called escarpments^ and follow, 
with some irregularities and sinuosities, the line of strike. 
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Whether the general course of the escarpment shall be straighf 
or curved will, therefore, be determined by the constancy oi 
change in the direction of the dip; for, as we have already learned, 
the strike changes with the dip, always keeping at right angles 
to the latter. The upper surface of the gently inclined hard 
stratum may be completely exposed by the stripping away of the 
softer overlying mass, and then the slope of the ground is the 
same as that of the resistant stratum, and is called a dip slope, 
A series of gently inclined strata, made up of alternating harder 
and softer beds, will thus give rise to parallel ridges and valleys, 
or escarpments and dip slopes, according to the completeness 
with which the softer beds are removed and the harder ones 
exposed. A magnilicent example of such escarpments and slopes 
is displayed ill the high plateaus of Utah and Arizona, where 
the dip slopes are from 20 to do miles broad and the escarpments 
1500 to 2000 feet high. The amount of denudation involved 
in the production of these vast amphitheatres staggers belief, 
though there is no escape from the enormous figures. 

Under the influence of denudation escarpments are continually 
though slowly receding, being cut back in the direction of the 
dip. Rain and frost act directly upon, the hard beds, but work 
more effectively by cutting away the softer beds below and thus 
undermining the hard strata, causing them to fall. The fallen 
masses are gradually disintegrated in their turn and washed 
aw''ay into the water'Coiirses. The escarpments may follow a rela- 
tively straight or a very sinuous course. Sinuosities, when present, 
are commonly due to the action of springs, which undermine 
the escarpments and, by the recession of their heads, excavate 
the line of cliffs into bays and amphitheatres. A sinuous es- 
carpment is more rapidly cut back than a straight one, because, 
in addition to the cooperation of the springs, it offers a larger 
surface to the attack of the destructive agencies. Every step in 
the recession of an escarpment lowers the ridge and brings it 
nearer to base-level, because the direction of retreat follows the 
line of dip, which carries the beds down to base-level with a 
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rapidity determined by the angle of dip. A steeply inclined bed 
needs to be cut back only a short distance, when it will be reduced 
to base-level, whereas a bed dipping very gently remains above 
base-level for long distances. Of course the general elevation 
of the whole region above base-level is also an important factor 
in determining the amount of work to be done. 

For reasons that will appear later, we assume that when denu- 
dation began its work, upon a region of inclined strata, that region 
was a sloping plain, or peneplain, formed by the outcropping 
edges of the strata. The first lines of drainage established would 
necessarily follow this slope, and the first valley or valleys cut 
would be across the strike of the beds, trenching both hard and 
soft beds. Such valleys are called transverse^ or dip valleys, and 
the streams which flow in them, transverse streams. Transverse 
streams cut steep-sided, canon-like valleys, the rocks giving 
way along the joints and making the two valley-walls alike, as 
though the valley were cut in horizontal strata, A second series 
of valleys will be excavated along the strike of the softer beds, 
giving longitudinal^ or strike^ valleys and streams. In such a 
l<.>ngitudinal valley, following the strike of a mass of soft strata, 
the stream which occupies it will tend to fl.ow along the foot of 
the escarpment formed by the outcrop of hard strata, and to 
shift its course laterally in the direction of the dip, cutting away 
the soft beds in which it flows, and undermining the hard escarp- 
ment. Longitudinal or strike valleys tend to have one steep or 
vertical, and one gently sloping side. The strata dip across the 
stream and hence on one side are inclined toward the valley and 
on the other away from it. The former is the weaker structure, 
because the loosened joint-blocks glide into the stream, and the 
ground-water, following the stratification planes, forms .springs 
on that side of the valley. The side on which the dip is away 
from the stream is attacked chiefly by the undermining action 
of the stream and thus kept vertical. Such a stream is a potent 
agent in causing the recession of the escarpment and may remove 
large areas of both hard and soft strata. 
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The steep ridges, or “ hog~backs/^ which occur among the 
foothills of the Rocky Alountains, show interesting examples of 
streams flowing along the strike of inclined strata, though the 
ridges are themselves not formed quite in the way already de- 
scribed. They are composed of the steeply dipping limbs of 
monodinal folds, of which the upper horizontal limbs have been 
removed by denudation (lug. 234). 


Fia 234. — Hog*backs, east side of Laramie Mts., Wyo. (U, S. G. S.y 

Forms in Folded Strata. — A region of folded strata is, in the 
first instance, thrown into a series of ridges and valleys, the ridges 
formed by anticlines and the valleys by synclines; in other words, 
the topography is tectonic in character and determined by dias- 
trophic movements. If the folding be of moderate degree, so 
as to produce undulations of sweeping and gentle curves, the 
tendency of denudation is to reverse the original topography 
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and convert the anticlines into valleys and the synclines into 
ridges. This apparently paradoxical result is found, when 
examined, to be natural and simple enough. The crests of 
newly formed anticlines have been subjected to tensile stresses 
which open the joints in the strata and render them an easy 
prey to the denuding agents. The surface of the synclines, on 
the contrary, has been tightly compressed, and their joints are 


Anticlinal ridge, Big Horn Mts,, Wyo., hard beds in 


closed by crowding. Aside from thiSj another lactor tenas lo 
produce the same result. In a folded series of alternating harder 
and softer beds denudation is most rapid on the exposed anti- 
clines, and in them the hard strata are first reached and cut 
through. When an underlying mass of soft strata is reached, 
it k ranirllv tr^nrhed into vallevs which may soon be excavated 





LAND SCULPTURE 


If the folds originally made by the force of lateral compression 
be steep and high, as in mountain ranges, the anticlines persist 
longer as ridges, but the wearing away of their summits gives 
rise to sul3ordinate ridges and valleys within the limits of each 
anticlinal arch. Here also the ridges are the outcropping harder 
beds, and the valleys are cut in the softer ones. Even in mountain 
ranges denudation may reverse the original structural topography 
and give rise to anticlinal valleys and synclinal mountains. 


Fig. 236. — Truncated anticlinal ridge, Montana, (U. S. G. S.) 


If a region of folded rocks has once been planed down to base- 
level or to a j)eneplain, and then reelevaled and subjected to 
denudation, the resulting topography will be determined by 
the same laws. Indeed, this is a frequent method in which 
regions of tilted or inclined strata are produced, for, as we saw 
in Chapter XII (p. 327), inclined beds are very often parts of 
truncated folds. In such regions drainage is lirst in accordance 
with the slopes of the planed and tilted surface, but as denuda- 
tion proceeds, the structure and arrangement of the rocks make 
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Forms in Plutonic Rocks. — It is exceptional that topographical 
features can be definitely referred to the constructive or tectonic 
effect of intrusive plutonic bodies, for the obvious reasbii that the 
presence of a plutonic mass at a given point can rarely be determined 
until the covering of overlying strata has been removed. An 
exception to this is given by many laccolithic hills and mountains, 
in which the covering of strata is more or less completely retained. 
In Little Sun-Dance Hill (Fig. 219) \vc have a dome-like hill, the 
strata of whicli are almost intact and the presence of the plutonic 
body is only inferred, not absolutely certain. A second stage of 
denudation is found in Bear Butte (Fig. 220) of the same region, the 
covering of strata being removed, exce})t where they are upturned 
around the base of the butte, and finally, in Mato Tepee, we have 
only the central core of the laccolith preserved (Fig. 221). The 
Henry Mountains of southern Utah and several of the Colorado 
ranges display laccoliths in all stages of dissection. 

The plutonic bodies are exj^osed by denudation, and since they 
are, as a rule, more resistant than the invaded rocks, they generally 
form prominences corresponding to the form of the intrusive mass. 
Sometimes, however, the intrusive body is less resistant than the 
enclosing rocks and then is marked by a depression. Dykes, 
when exposed by denudation, stand out in relief as long walls, 
the height of which is determined largely by the thickness of the 
dyke and by its resistance to destruction. In certain cases, as in 
North Carolina, the dyke-rock disintegrates more rapidly than the 
enclosing rock, and hence long trenches indicate the position of the 
dykes. Sills, so far as their effect upon topography is concerned, 
may be regarded simply as hard strata, but some sills are much 
thicker than strata often are. 

Stocks, which increase in diameter downward, project as small 
hills when first exposed, but when they are slowly denuded and the 
country-rock is rapidly worn away, they become larger and rela- 
lively higher, as the surrounding area is lowered by denudation. If 
the region where the stock is found is .sufficiently above base- 
level, a very high hill and even a mountain may thus be formed. 
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Batholiths, like stocks, increase in size downward, lying upon no 
floor of country-rock. Hence, they give rise to great ridges, or 
irregular masses, often of enormous size, when laid bare by erosion. 
Many mountain ranges are composed of granite batholiths, from 
which the covering of strata has been stripped away and which are 
themselves deeply dissected into peaks and crags. On the other 
band, such batholiths are no exception to the rule that plutonic 
bodies may sometimes wear away more rapidly than the rocks 
which enclose them. When this occurs, the bathoiith will be 
found as a plain, or depressujn, with the more resistant rocks 
rising above it. 

In brief, the controlUng factor in a region of mature topography 
is the arrangement of the rock masses, prominences being due to the 
more resistant rocks, whatever their nature* 


CHAPTER XX 


topography as determined by faults and joints 

Not uncommonly faults have no direct effect upon topography, 
or whatever inlluence they may originally have exerted has been 
lost, denudation having worn down the two sides to the same levcd 
or to a continuous slope, so that no evidence of the fault appears in 
the surface forms, but must be indirectly obtained. When newly 
formed, a fault is accompanied by the scarp, as a long line of cliff 
or bluff. As modern faults teach us, displacements of great 
tlirow are probably produced by repeated movements along the 
same plane of fracture, and thus require long periods for their com- 
pletion; and during this process of dislocation erosion is actively 
at work, especially upon the scarp, which is most exposed to attack. 
The length of time during which the scarp persists, as in the case 
of topographical features generally, depends upon the activity of 
weathering and the resistant power of the rock. Well-preserved 
and lofty fault-scarps are therefore very much more frequent in arid 
than in pluvial climates. Long before its removal the scarp is 
deeply dissected and made rough and craggy, so as to resemble 
a mountain range. Examples of this kind of topography are to be 
seen on a grand scale in the arid parts of the West, their preser- 
vation being due in part to the geologically late date of the dis- 
locations, and in part to the aridity of the climate which makes 
denudation very slow. The imposing lines of cliff which demar- 
cate the plateau of the Colorado on the western side are fault 
.scarps, and liie plateau itself is crossed by many minor faults 
which still form prominent .surface features, though much modi- 
fied by erosion and some of them quite disguised. 
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The Great Basin, which is enclosed between the Wasatch 
Mountains on the east and the Sierra Nevada on the west, and com- 
prises nearly all of Utah and Nevada, is bounded by the enormous 
fault-scarps of those ranges. The Sierra Nevada escarpment has 
a throw estimated at 15,000 feet, though this has been much reduced 
in height, and is deeply dissected by erosion, so that its true nature 
is not immediately apparent. On the eastern side the Wasatch 
escarpment is similarly dissected, ljut there have been additional 
very recent movements along the old fault-planes, and the lately 
formed scarps, though low, are remarkably fresh and unchanged 



Fio. 238. — Abert I.ake, Oregon. The line of cliffs is a fault-scarp. (Russell) 


even in incoherent materials. The Basin itself is traversed by 
many north and south faults, and the Idocks included between 
these parallel lines of dislocation are lilted and form great scarps, 
but with gently inclined lop. Each block thus has an abrupt 
side, the rugged and worn scarp, and a long, gently sloping side, 
which gradually inclines to the foot of the next parallel scarp. 
Denudation has carved these lilted fault-blocks into ridges and 
peaks, giving them the appearance of an ordinary mountain 
range, when seen from the escarpment side, but formed in an 
, entirely different manner from true mountains of folding, and 
known as block moimiains. In southern Oregon the plateau of 
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basah; lias been fractured into a series of blocks, which are 
tilted, with very gentle ascent on one side, ending in an abrupt 
scarp on the other. These have been so little affected by erosion 
that their true character is immediately apparent. 

The Adirondack Mountains display a topography which is 
strongly dominated by systems of faults; their general character 
is thus described by Professor Kemp : “The Adirondack region 
, . . is mountainous in its eastern half and has its highest peaks 
near its centre, but on the w^est the mountains disappear and the 


I FIG. 239. — Sierra Nevada fault-scarp, Mono Lake, Cal. (U, S. G. S.) 

! 

area becomes a plateau ranging from 2000 feet above tide gradually 
downward to the west until it is but slightly higher than Lake 
Ontario and the St. Lawrence. . . . The mountains are arranged 
I in visible northeast and southwest lines, and are often very steep 

I if not j)ositively precipitous in the portions that look to the south- 

i east or northwest. The-^e are also other steep faces nearly at 

i right angles with the above, but they are less pronounced.’’ These 

I features are due to three intersecting systems of faults, the principal 

I one of which is northeast and southwest and determines the general 

I trend of the mountains. The second system, which trends north- 

i an 
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east at right angles to the first, is less important, and acts chielly 
in cutting the ridges into separate blocks. The third series, 
with north and south trends, is quite subordinate in its effects. 
The faults extend southward for many miles from the mountains 
into the plain, and some of them still retain their scarps. 

In Chapter XIII (p. 347) we learned that a block isolated by 
faults hading away from it on all sides, so that the block is on the 
upthrow side with reference to the area all around it, is called a 
Horsfy a name adopted from the German for lack of an English 
term. The Horst structure is thus much like that of the block 
mountains of the Great Basin and the Adirondacks, except for the 
direction of slope in the fault-planes and for the fact that there is 
usually no relation between the strike of the beds and that of the 
faults. Several examples of Horst mountains occur in Europe, 
such as the central plateau of France, the Vosges, the Black and 
Thuringian Forests, and the Hartz Mountains. These uplifts are 
composed chiefly of ancient, very strongly folded and hard rocks, 
from which most of the covering strata have been removed by 
denudation, and rise quite abruptly from the comparatively un- 
disturbed strata of the surrounding lowlands. 

Along the entire eastern coast of Asia the topography is con- 
trolled by gigantic systems of faults. The zigzag mountain ranges 
which bound the coastal plains on the west have a general trend 
approximately parallel to the coast, and mark a series of great faults 
with downthrows to the east. The coastal plain itself is divided 
into a series of more or less parallel blocks by step faults, also 
with downthrows to the eastward, resulting in a system of terraces, 
which, however, have not flat, but inclined tops, because of the 
tilting of the blocks, much as in the block mountains of southern 
Oregon, though on a vastly larger scale. An east-west section 
through northern China shows three such enormous blocks, the 
Mongolian block on the west, the Japanese block on the east, with 
theManchurian between; the Japanese block is partly submerged, 
, making the outer portion an island, as is true of the whole chain 
of islands which fringes the eastern Asiatic coast. These dis- 
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locations may be followed from the Tropic of Cancer to the Arctic 
Circle and through ‘sixty degrees of longitude. 

Not only are the grand features of topography in eastern Asia 
dominated by gigantic fault systems, but the minor features indi- 
cate similar control. The Korean peninsula, for examjde, has its 
topography determined by systems of intersecting faults, of which 
the principal series extends from N.N.W. to S.S.E., and the whole 
country has been compared to a chess-board of fault-blocks, 
■Japan is divided into two parts by a great transverse fault, the 
fossa magna^ north of which the island has a northerly trend and 
is dominated by fault lines, wdiile south of the fossa the island turns 
westward and is controlled by the axes of folds. 

Faults frequently determine the location of valleys, either by 
affording convenient courses which are taken possession of and 
excavated by streams, or directly by trough faulting, that is, 
parallel faults hading toward each other, including an elongate 
sunken block. A single fault may lead to the formation of a valley 
when followed by a stream. Fault valleys are very common in the 
Sierra Nevada and Great Basin; and in the Coast Range of Cali- 
fornia a series of valleys, together more than 400 miles long, has 
been excavated along the fault line which is the seat of the recent 
earthquake disturbances. The lower Hudson flows in a fault 
valley, of which the Palisades form tlic scarp, and in the Adiron- 
dacks the drainage is so largely along intersecting fault lines that 
its regularity is very striking and has occasioned the de.scriptive 
term of “ lattice drainage ” (Brigham) ; the zigzag course of the 
Au Sable Chasm is determined partly by faults and partly by joints. 
The valley of the Rhine above Strassburg is a great trough-fault 
included between the Black Forest highlands on the east and the 
Vosges Mountains on the west, both of which, as we have seen, are 
Horst mountains. The trough is very deep and is nearly fllled with 
ri\^er deposits, which indicates the gradual character of the dislocat- 
ing movements. Other European examples of such trough valleys 
are the basin of Lake Garda in northezm Italy, the Christiania 
fjord in Norway, and the Gulf of Patras and Straits of Corinth in 
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Greece. Such valleys are likewise extensively developed in Mon- 
golia and southern Siberia; the basin of Lake Baikal is in a trough 
valley. 

The most remarkable known instance of trough faulting is the 


Fig. 2x40. — Normal fault, Au Sabk Chasm, N.Y. (photograph by van Ingea.) 
At this point the stream leaves the line of fault to follow a joint-plane 
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great Rift Valley of eastern Africa, which begins about 15° S. 
hit., and after a short course sends off to the northwest the 
Central African branch, in which are situated lakes Tanganyika, 
Albert Edward, and Albert; both branches are also the seat of 
extensive volcanic action. The main valley continues northward 
from Lake Nyassa and contains Lake Rudolph and several smaller 
lakes; passing between the plateaus of Abyssinia and Somaliland, 
it extends to the Red Sea, which is itself regarded as being but a 
very deep part of the same great down throw inundated by the sea. 
At the northern end of the Red Sea, the Gulf of Akabah, on the 
east side of the Sinai Peninsula, is an extension of the trough whicli, 
growing shallower, rises to the land and keeps its northerly direc- 
tion for a long distance. Growing deeper again, it becomes the 
basin of the Dead Sea, the surface of which is 1300 feet below sea- 
level, and the valley of the Jordan, and north of that, the valley of 
theOrontes, reaching nearly to Antioch. The valley of the Jordan 
and the Dead Sea is enclosed between parallel faults and mono- 
dinal folds, the descent being very abrupt on the eastern side, 
while on the west it is more gradual and by means of several 
terraces and scarps. In Africa the great Rift Valley is not bor- 
dered by mountain ranges, luil cuts through high jdateaus, and the 
form of the valley, with its constantly rising and falling bottom, 
shows that it is not a valley of erosion, but one of tectonic de- 
pression. 

If this interpretation, which we owe to Suess, is correct, this vast 
dislo(^ation extends Ihrougli fifty degrees of latitude, and is one of 
the most striking structural features of the earlhV surface. 

Faults, especially those of large tlirow, frequently liring rocks of 
very different degrees of hardness into dose juxtaposition. If the 
harder rocks are on the upthrow side, then the scarp may persist 
for a very long period, ]:)ecause they are so much more slowly worn 
away than the softer rocks of the downthrow. If the latter is 
composed of the harder rock, the scarp is first eroded away, and 
then continued denudation, removing the softer , rocks more 
rapidly, forms a scarp on the downthrow side, a reversed scarp, 
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so to speak, due entirely to differential erosion. In other words, 
the hard rocks will eventually be left standing at a higher level 
than the softer ones, whether they are on the upthrow or down- 
throw side, and thus conform to the general rule of topographic 
development, provided the region stand sufficiently high above 
basedevel. 

Under these circumstances, faults of very high geological antiq- 
uity may continue to dominate the topography of the faulted 
region. A classical example of this is given by the Central Low- 
lands of Scotland, which lie between the Highlands on the north 
and the southern Uplands, and consist chieffy of quite soft and 
easily destructible rocks, while the higher areas which bound them 
on each side are made up of much more resistant rocks. When the 
rocks on the two sides of the fault-plane differ notably in hardness, 
then the transition from higher to lower ground is well-deff ned and 
abrupt, but the transition is gradual and by gentle slopes when 
the difference in hardness is small. The great f aults, with throws 
sometimes amounting to 6000 feet, which demarcate the Low- 
lands, are very ancient, but they still control the main features of 
topography. 

When the faults pass through strata of approximately uniform 
durability, the scarps are removed vdth a rapidity which is chiefly 
dependent upon the climate, because the upthrow side is exposed 
to attack and the downthrow is an area of accumulation. In 
such rocks all surface evidences of the fault are removed, and the 
very existence of the dislocation is often very difficult to detect. 
Unquestionably, countless undetected faults remain to be dis- 
covered even in well-known regions. 

Unless interrupted hy diastrophic movements, the progress of 
denudation must eventually remove all surface indications of faults, 
however great the difference in hardness between the rocks of the 
upthrow and downthrow sides. When the region is base-levelled, 
or reduced to a peneplain, no fault-scarps will be apparent. On the 
other hand, the beginning of a new cycle of denudation, through the 
upheaval of the faulted area and the rejuvenation of the erosive 
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forces, may result in the reappearance of the scarps, provided the 
rocks on the two sides of the fault differ notably in hardness. In 
this case the harder will stand above the level of tlie softer, whether 
they are on the upthrow or the downthrow side. If the disloca- 
tions have not brought together rocks of different resisting powers, 
then reelevation, not accompanied by renewed displacements along 
tlie old faiilt-plaiies, will not bring the scarps again into promi- 
nence, though newly established streams may take advantage of 
these lines of weakness in trenching their channels. 


Fig. 241, — Great thrust, near Highgate Springs, Vt The upthrow side has been 
denuded away and the hammer spans the Ihrust-plane^ connecting beds which 
are stratigraphically many tliousands of feet apart. (U* S. G. S.) 


From what has been said it is sufficiently evident that faulting 
plays a very important part in the formation of topographical as 
well as of structural features, and to faults may be added thrusts, 
Ihough the importance of the latter is relatively less, for thrusts 
occur among violently compressed and folded rocks, while faults 
are found chiefly in strata which otherwise are not greatly dis- 
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The Topographical Influence of Joints 

As we have repeatedly had occasion to observe, all firm and co 
hereiit rocks are divided, by sets of joints into blocks of varying 
sizes and shapes, each kind of rock tending to display a certain 
degree of characteristic uniformity in the shape and size of its joint- 
blocks* There is, however, much latitude in this resjiect, for 
jointing is largely determined by the stresses of compression, 
tension, or torsion, to which the rock has been subjected after its 
formation. Jn whatever manner they may luive l)een formed, 
joints exercise a very imjiortant control in the development of 
topographical details. The reason for this liccomes obvious when 
we reflect that joints arc lines of weakness, along which the rocks 
are especially liable to attack, and that master joints are important 
structural planes, akin to faults, which persist for long distances 
and often penetrate to very considerable depths from the surface. 

One of the most important kinds of control exerted by joints is 
in conditioning the drainage lines of a given region. The general 
direction in which the drainage of any region is carried is deter- 
mined by the prevailing direction of slope existing when the river 
system was established, but the flow of minor streams is very often 
dependent upon the direction of the joints in the rocks through 
which they flow. In several regions where the matter has been 
carefully examined, as in France, Connecticut, and Wisconsin, 
it is found that the network of streams closely coincides with 
the network of dip, strike, and diagonal joints, which have 
a constant trend over wide areas. The Au Sable Chasm, so 
frequently referred to in [)reccding pages, pursues a zigzag course 
through the eastern pari of the Adirondack U])lift; in part this 
course is along a fault-plane, which is again forsaken to follow 
a line of master- joint. 

An especially notable case of joint-control is seen in the gorge 
and Victoria Falls of the Zambesi in South Africa, cut through 
an enormously thick volcanic plateau of basaltic lava, an account 
Of which is given on page 144 and need not be repeated here. 



FJg. — -Gorge of the Zambesi below Victoria Falls, South Africa 

Another respect in which joints are important is in controlling 
the details of topography, for the obvious reason that it is along 
the joint-planes that rocks yield to the attack of the denuding, 
agencies, most of which loosen and detach the joint-blocks. Evi- 
dently, the form of surface left after the detachment of the blocfe. 
is conditioned by the joint-planes. In the plutonic igneo%. 
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Suffice it to say that the course of the gorge has been determined 
by the master-joints, the river endeavouring to keep a southerly 
course, but repeatedly deflected by the joint-planes. The great 
chasm is cut along a line of fault, which yielded readily to abra- 
sion, and may be traced into the sloping cliff at each end. At 
the present time the western cataract of the Victoria L'ans, called 
Leaping Water, has discovered another line of weakness and has 
cut its bed fifteen feet below tlie level of the other falls, manifestly 
preparing the way for the excavation of a new zigzag. 
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roclvs there is great variety of form and size in the joint-blocks. 
Granite is often divided by three sets of nearly i*ectangular joints, 
one of which is horizontal or gently inclined, and widely spaced 
so as to form large rectangular blocks. When this is the case, 
weathered granite cliffs look like old masonry and rise in step-like 
terraces. When the joints are very close together, the rock breaks 
np into small angular blocks. In other exa,mj>les, only the vertical 
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Fig. 243. — The Chasm, Victoria Falls ( 


joints are strongly pronounced, and then wild and craggy cliffs and 
needle-like summits result from weathering. The characteristic 
granite domes so frequently found, to which reference has already 
been made, are due to exfoliation of granites in which the joints 
are few, and widely spaced. 

Columnar jointing in sheets is chiefly vertical, and hence pro- 
, duces vertical faces, which change and follow any curvature that 
may develop in the columns. Most lavas are closely and very 
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irregularly jointed;, so that they are rapidly broken up by frost. 
Such rocks, when exposed in mountain tops, give rise to sharp 
ridges, jagged, irregular peaks, and very rough slopes, portions of 
the rock where the joints are more widely spaced and the blocks 
larger, yielding less rapidly to destruction, and projecting as ridges 
and buttresses. Aside from rectangularly jointed granite, with 
well-defined horizontal division planes, masses of igneous rock 


Fig. 244. — Granite dome, Yoaemite Valley, Cal. (Photograph by Sinclair) 


yield rougli, irregular, and craggy surfaces. On the other hand, 
the direct influence of joints is often masked by the effects of chemi- 
cal decomposition produced by water descending along the joint- 
planes, in consequence of which a freshly exposed surface is often 
already ratted and ready to yield to the rain and wind. Thus^ 
with general characteristic features, igneous rocks give an infinite 
variety of details in form. 
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In stratified rocks the joints are usually vertical to the bedding- 
planes, and when the strata are hard and do not crumble easily on 
weathering, the surfaces are vertical in horizontal strata, which 
thus give rise to flat-topped, vertical -sided mesas, and pyramidal 
mountains. Inclination of the strata changes the position of the 
joint-planes, resulting in escarpment, dip sh)pes, and the other 
classes of forms already descril^ed. The fact to be emphasized 
here is the share which the joints have in producing these forms. 
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CHAPTER XXI 


ADJUSTMENT OF RIVERS 


Rivers are among the most j)owcrfui of the agents of topo- 
grai)hical development; and it is important to understand some- 
thing of their modes of change and adjustment. These changes 
are sometimes exceedingly complex and puzzling, for rivers do the 


Fig, 246, — Stream cutting through a ridge, Middle Park, Col. (U, S, G. S.) 


most unexpected things in what seems an utterly capricious and 
whimsical way. We often see fivers breaching hills and even vast 
mountain ranges, cutting their way through enormous obstacksr 
which a slight deviation from their course would, seemingly, have 
enabled them to avoid. They apparently choose the difficult and 
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shun the easy path. The general explanation of these paradoxical 
results is, that the river began its flow wlien the topography was 
entirely different from its present state of de\'elopment. It is this 
fact which renders the rivers such valuable aids to the geologist 
in his attempts to reconstruct the past, for the apparent whims and 
caprices are really the necessary results of law. 

Consequent Rivers. — A river has its stages of development, 
3^outh, maturity, and old age, just as has a land surface, each stage 
displaying its characteristic marks, When an entirely new land 
surface is u|,)heaved from the sea, it has no rivers, and its drainage 
must consist merely of tlie surface rain wash following the initial 
slopes of the new land. No instance of any considerable area of 
newly uplifted land has ever been observed, but the sequence of 
events may be readily inferred from known facts. Since the 
slopes cannot be absolutely plane nor the material entirely homoge* 
neous, there must be slight depressions along which the rain water 
will gather into rills, and these will wear out little trenches. The 
more favourably situated trenches will receive more water and 
be more rapidly deepened and enlarged into ravines. In this 
early stage of drainage development there will be many ravines, 
more or less parallel, which are dry except after rains. Those 
ravines which are most rapidly deepened will be cut down to the 
level of the ground water and will there be fed by .springs and 
become permanent streams when a level is reached below which 
the ground water docs not sink in the driest seasons. If the new 
land is not simply sloping, but folded, valleys for drainage are 
afforded by the synclines. The principal valleys are thus i(mgi“ 
Uidinal, the main streams flowing in the synclinal troughs and 
passing from one syncline to another at the points where the anti- 
clines are lowest, owing to the. descending pitch of the folds. 
Such a drainage system is exemplifled in the Jura Mountains of 
Switzerland. Thus, in a newly upheaved or newly folded land 
the streams are determined entirely by the slopes of the new sur*- 
. : face and are called comequent streams. In its earliest stages a 
river can drain its territory or basin in only imperfect fashion, and 
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Fig. 247. — Two very voung gulches, Colorado. (U. S» G. S.) 
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whatever depressions exist in the surface of the new land are filled 
up with water and form lakes. Tributaries are much fewer than 
in later stages of development; the divides between the tributaries 
are obscurely marked, and in plains these divides are broad areas, 
not lines. The Red River of the North is an example of a stream 
in a very youthful stage, which flows across the level floor of an 
abandoned lake. In this plain the divides between the streams 
are so wide and flat that water gathers on them after heavy rains, 
having no reason to How in one direction rather than another. In 
northern Minnesota is the watershed or divide between the Mis- 
sissippi, St. Lawrence, and Hudson’s Bay drainage systems, which 
is hardly visible, the sluggish streams wandering over an almost 
fiat surface, which has countless marshes and lakes. 

As the river system becomes somewhat older, the stream chan- 
nels are deepened, the larger ones being cut down to base-level, 
and if the region be one of considerable elevation, deep gorges 
and canons are excavated. If the streams How across strata of 
different hardness, waterfalls result where a hard ridge crosses 
them, but in the main stream these cascades and rapids are 
ephemeral and soon removed by the stream’s wearing down the 
obstacle. On the head-waters of streams, however, waterfalls may 
persist for a long period. The river valleys are widened out by 
atmosj^heric denudation, and channels are formed on their sloping 
sides, which gradually grow into side valleys. The lakes are for 
the most part drained or silted up, only the more important and 
deeper ones remaining, while the system of tributary streams and 
rills is greatly expanded. A mature river system is characterized 
by the complete development of its tributaries and drainage, so 
that every part of its basin is reached by the ramifying channels, 
and rivers of the same grade tend to be separated by neaidy equal 
interspaces. The w^aterfalls have disappeared, except near the 
stream-heads, and the stream-channels have sought out and 
utilized every weakness in the strata, adjusting themselves to the 
structure of the rocks and the alternations of hard and soft beds. 

Valley floors are broadened and deposition begins upon them, 
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and the streams, reaching a condition of equilibrium between ero- 
sion and deposition, are said to be graded. In graded streams the 
slope attained varies greatly; a small stream or one loaded with 
sediment requires a steeper slope than a large one, or one carry- 
ing but a small load. Thus, the lower Mississippi and its tributa- 
ries are graded, but while the great river flows in a valley with 
hardly any slope, the valleys of the smaller streams are still quite 
steep. In the process of development the stream gradients are 
continually readjusted, with the general result of diminishing 
the slope. When the stream has reached base-level and no 
l<)nger erodes vertically, save in seasons of flood, it continues to 
cut laterally and to receive and transport the material washed into 
it by rains, and thus the divides are worn away. 

The complete network of streams has enlarged the valley 
surfaces, which increases the rate of destruction and brings to 
the river a greater load of sediment to carry. In maturity the 
river receives its maximum load, sometimes so great that the lower 
reaches of the main stream are unable to transport it all, and 
spread the excess out over the flood-plain. The channel of an 
overloaded stream may be so raised and banked in ])y its own 
deposits that some of the tributaries are deflected and made to 
run for some distance parallel to the main stream, perhaps even 
reaching the sea independently. An example of this is the Loup 
Fork of the Platte in Nebraska. “The Platte flows there upon a 
ridge of its own creation, llie L^-)Up comes down into its valley 
and flows parallel with it for many miles.’’ (Gannett,) 

The final stages of river development are reached when the 
base-level is attained, and the drainage basin reduced to a pene- 
plain by the combined action of the streams and weathering. The 
fl<.)od“plain deposits may now be partially or completely removed, 
for the main trunk no longer receives an excessive load, and 
hence it is able to carry away some of that sediment which it bad 
pre^dousiy deposited. With its drainage basin smoothed down 
into a peneplain, the river’s work is done; it has reached old age. 
The course of river evolution above described is the ideal cycle 
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of development, which, however, may be and generally is inter* 
rupted by diastrophic movements. An elevation of the region may 
simply rejuvenate the streams and start them afresh upon a career 
of wearing down the land. But if accompanied by extensive 
warping or folding of the rocks, the drainage system of the entire 
region may be revolutionized. A depression of the region will 
have the contrary effect, cliecking or stopping the work in which 
the streams were engaged, drowning their lower reaches and con> 
verting them into estuaries. A lowered land surface has less 
material to lose before it is reduced to base-level, but the work 
of denudation is accomplished more slowly. 

When it was first suggested that rivers had cut their own valleys 
and had not merely taken possession of ready-made trenches, it 
was objected that such an explanation required many streams to 
begin their course by flowing uphill. It is very common to find 
a stream flowing across a region, cutting its way through ridge 
after ridge, instead of following the easy path of the longitudinal 
valleys. This is just what the principal streams of the northern 
Appalachians, such as the Delaware, the Susquehanna and the 
Potomac, have done, and at first sight, their course is very difficult 
to explain. Without going very far back into the history of these 
mountains, we may simply state that the ridges through which the 
rivers named have cut are the remnants of a reelevated and dis- 
sected peneplain, across which the streams flowed to the sea, cut- 
ting transverse valleys that were rapidly deepened into gorges. 
On the soft strata longitudinal valleys were opened out which, 
however, were formed after the transverse streams and could not 
be deepened faster than tliey, liecause the main stream flowing in 
each transverse valley gave a temporary base-level for the tribu- 
taries flowing in the longitudinal valleys. The hard beds were 
, sawed through by the descending streams, but elsewheie these 
])eds stood up as ridges, and thus the ridges are also younger than 
, , , the streams. The mystery disappears at once, if we simply remem- 
ber that the transverse streams began their flow upon a vsloping 
plain above which the present ridges did not project. 
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Antecedent Rivers. — Another way in which rivers have been 
enabled to cut their way through opposing ranges of hills and 
even mountains is by occupying the district before the hills or 
mountains were made. Such streams are called antecedent and 
are defined as those that during and for a time after a disturb- 
ance of their drainage area maintain the courses that they had 
taken before the disturbance.^’ (Davis.) In this manner a 
stream originally consequeiit may become antecedent. The sim- 
plest case of antecedent drainage is where an area is uplifted witli- 
out deformation and without changing the direction of the slopCvS. 
Under such circumstances all the streams retain their old channels, 
and simply gain renewed power to cut them into dee])er trenches, 
down to the new base-level. Such streams are said to be revived. 
Revived streams which had begun to meander may be held in these 
windings and trench them into deep gorges. Even if the upheaval 
be accompanied by folding or deformation, one or more of the 
streams may persist in its ancient course, provided the folding be 
very slow and gradual, so that the river is able to cut down through 
the obstacles which are raised athwart its course. A revolving 
saw cuts its way through a log which is pushed against it, so . the 
river cuts its way through the rising barrier. If the latter be raised 
faster than the river can cut, then the stream will be dammed 
back into a lake, or will be diverted to a new course. Naturally, 
the great trunk rivers are more likely to hold their previous courses 
than the smaller streams. 

A fine example of an antecedent river is the Columbia, of Wash- 
ington and Oregoiij which is deflected to the westward by the vol- 
canic plateau of central Washington as far as the foot of the Cascade 
Mountains, where it turns southward, following the mountains 
for some distance, then it once more turns to the westward and cuts 
through the Cascades in a great canon. This course the river has 
maintained despite a differential uplift of thousands of feet, and 
probably also the rising of the Cascades athwart its course. The 
Snake River, a tributaryof the Columbia, has cut a cafion 6000 feet 
deep through lava and granite, through a slowly rising upwarp. 
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Several rivers in tlie Alps and Himalayas, which rise in the innei 
part of the ranges and cut their way out through deep chasms, 
are believed to be antecedent. 

Superimposed Rivers. — An old land-surface with well-defined 
topograjjhy may be deeply buried under newer accumulations, as of 
lava floods, great bodies of volcanic ash and tuff, sheets of glacial 
drift, lake deposits, or, after depression beneath the sea, by marine 
deposits. In each of these cases, the new surface has no reference 
whatever to the old ; the more ancient and buried rocks may and 
generally do have an entirely different character, arrangement, and 
structure from those which overlie them. The drainage system 
established upon the new surface is consequent upon the initial 
slopes of the latter, and when the streams have cut through the 
mantle of newer rocks and reach the ancient surface below, they 
are entirely out of adjustment with that surface and its rocks. As 
the streams cut their trenches through the overlying mantle of 
newer strata, they encounter the older rocks below, first laying 
bare the higher ridges of the latter, which will cause waterfalls 
and rapids. The upper Mississippi has in many places excavated 
its channel through the surface sheet of glacial drift and is now 
engaged in eroding the ancient crystalline rocks which the drift 
had covered. When the stream has everywhere cut through the 
newer rocks, its course will be seen to have no relation to the 
structure of the older rocks which it is now trenching. If, as fre- 
quently has happened, denudation has stripped awuiy almost all 
the newer strata, the drainage of the country seems to be quite 
inexplicable and to be arranged without any reference to the struc- 
ture of the rocks across which the streams flow. Such a system 
of drainage is said to be superimposed^ inherited^ or epigenetic. 

Examples of superimposed streams may be found in great 
numbers in the United States. Almost all of the minor streams in 
that part of the country which is covered with glacial drift belong 
in this class, as do also the rivers, like the Columbia, the Snake, 
and the Bes Chutes, which trench the great volcanic plateau of 
Idaho, Oregon, and Washington. An especially curious and in- 
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teresting case is found in western Colorado in the valleys of the 
Unconifjahgre and Gunnison. When these streams were first 
established, the region was a plateau with westerly slope largely 
built up of volcanic ash, beneath which an old topography was 
buried. The Gunnison flowed over a concealed mountain of 
granite, and when its valley had been cut down to the granite, it 
was compelled to hold the same course, and has trenched a canon 
2000 feet deep in that rock. The Uncompahgre, wliich, though a 
tributary of the Gunnison, flows parallel with it for a considerable 
distance, folh^wed a course which look it over an old valley buried 
uiKier soft materials which were rapidly removed. At the present 
time the course of the Gunnison seems to be quite paradoxical, 
though it is ea.sily explained by its history. 

Subsequent Streams. — As a river system approaches maturity, 
and as the drainage of the area becomes more complete, it will 
increase the number of its branches. Those branches which 
were not at all represented in tlie youtliful stages of the system, 
and are opened, out along lines of yielding rocks, are called subse- 
quent^ and all streams will develop more or fewer of such branches 
as they advance to maturity. 

The foregcung classification of streams does not involve cate- 
gories which are entirely exclusive of one another. Any stream, 
whatever its mode of origin, may become antecedent through 
diastrophic movements, Mo.st superimp(.)sed streams are als<,) con- 
sequent, but by no means are all consequent streams .superimposed. 
The Columbia and Snake are both superimposed and antecedent 

Adjustment of Rivers. - — However the streams of a district 
may have been established in the first instatice, whether, they 
were consequent, antecedent, or .sui}erimposed, they are liable to 
changes more or less profound and far-reaching. These changes, 
which belong to the normal development of the drainage system 
and are not dependent upon diastrophism, are due to adjustment 
of the streams to the rock structure of the district, the streams 
searching out the lines of weakness and least resistance, and 
everywhere taking the easiest path to their destination* The up- 
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stream extension of branches and the shifting of divides result 
in the capture of streams, or parts of such, by others more favour- 
ably situated, one master stream gradually absorbing many smaller 
ones which had originally been independent. 

A divide, or water-parting, between two streams is gradually 
shifted by the lengthening of the more favourably situated stream, 
or of one of its subsequent braiiches. This more favourable situa- 
tion may be because it has a shorter course and greater fall, giving 
a swifter flow, or because it flows at a lower level, giving greater 
fall to its tributaries, or because its course is through soft and easily 
eroded rocks, while its rival is embarrassed by hard rocks and 
ledges. Another favourable circumstance which may decide be- 
tween streams otherwise equal is given by the attitude of the strata. 
In regions of inclined strata, as we have already learned, the es- 
carpments formed by outcropping ledges of harder rocks tend 
to migrate in the direction of the dip. As such escarpments 
frequently form divides between minor streams, the stream toward 
which the escarpment migrates will be at a disadvantage. This 
shifting of divides is a very slow process, but after a long time of 
insidious advance the actual capture and diversion of part of a 
stream may be quite suddenly effected. 

Stream capture may be effected in a great variety of ways, but 
a few examples must suffice. We may, in the first place, suppose 
two neighbouring streams following roughly parallel courses, but 
owing to the original conformation of the region, flowing at dif- 
ferent levels. The stream that flows at the lower level will allow 
greater fall to its tributaries, which wdll thus work upward more 
rapidly. One of these tributaries will eventually work its way 
through the divide and tap the rival stream, all of whose waters 
above the point of tapping will be diverted to the main stream 
which flows at the lower level 

The same mode of capture may be effected in the case of two 
streams which head on opposite sides of the same divide, one of 
which has a much steeper grade than the other. The stream 
which has the steeper slope will work headward more rapidly, and 
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will eventually tap the head-waters of the opposite stream. This 
method is illustrated in the Catsldll Mountains, which are carved 
out of a table-land sloping gently westward, but having a steep 
escarpment on the eastern face, with recesses in which easterly 
flowing streams were established. At the same time westwardly 
flowing streams formed on the gently sloping summit level The 
eastern streams, especially the Kaaters Kill and Plaaters Kill, have 
a steep descent and swift flow and have thus been able to extend 
their heads rapidly and to capture and divert many tributaries of 
Schoharie Creek, which runs westward. These captured tributaries 
keep their original course in the direction of Schoharie Creek, but 
make sharp turns and reverses to join the capturing streams. The 
Yelhnvstone Lake once discharged southwestward into the Snake 
River. The Yellowstone River was then a small stream, but was 
favourably situated for establishing a steep gradient as it flowed 
over a plateau of comparatively soft lava. Extending upward, the 
stream tapped the lake and reversed the direction of its discharge, 
Another method of stream capture is well illustrated by the 
Delaware, the Potomac, and other transverse rivers which have 
cut deep gorges through the Appalachian ridges. Suppose two 
parallel transverse streams flowing across a gently sloping pene- 
plain which is composed of tilted rocks of different degrees of 
hardness. In the manner already explained (p. 482) these streams 
cut gorges through the ridges of hard rock, while longitudinal val- 
leys are worn out along the strike of softer strata, which valleys are 
occupied by tributaries of the transverse streams. If one of the 
two transverse streams be considerably larger than the other, it will 
saw its way through the hard ridges at a correspondingly faster rate 
and establish a lower base-level for its tributaries. One of the 
tributaries with its more rapid fall will be thus enabled to shift its 
divide at the expense of a branch of the rival transverse stream, 
capture it, and by reversing the direction of its flow draw off the 
waters of the smaller main stream above the point where its cap- 
tured tributary entered it. Or a tributary of the larger main 
stream may push its way up a longitudinal valley until it taps and 
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stream extension of branches and the shifting of divides result 
in the capture of streams, or parts of such, by others more favour- 
ably situated, one master stream gradually absorbing many smaller 
ones which had originally been independent. 

A divide, or water-parting, between two streams is gradually 
shifted by the lengthening of the more favourably situated stream, 
or of one of its subsequent branches. This more favourable situa- 
tion may be because it has a shorter course and greater fall, giving 
a swifter flow, or because it flows at a lower level, giving greater 
fall to its tributaries, or because its course is through soft and easily 
eroded rocks, while its rival is embarrassed by hard rocks and 
ledges. Another favourable circumstance which may decide be- 
tween streams otherwise equal is given by the attitude of the strata. 
In regions of inclined strata, as we have already learned, the es- 
carpments formed by outcropping ledges of harder rocks tend 
to migrate in the direction of the dip. As such escarpments 
frequently form divides between minor streams, the stream toward 
which the escarpment migrates will be at a disadvantage. This 
shifting of divides is a very slow process, but after a long time of 
insidious advance the actual capture and diversion of part of a 
stream may be quite suddenly effected. 

Stream capture may be effected in a great variety of ways, but 
a few examples must suffice. We may, in the first place, suppose 
two neighbouring streams following roughly parallel courses, but 
owing to the original conformation of the region, flowing at dif- 
ferent levels. The stream that flows at the lower level will allow 
greater fall to its tributaries, which will thus work upw'ard more 
rapidly. One of these tril^utaries will eventually work its way 
through the divide and tap the rival stream, all of whose waters 
above the point of tapping will be diverted to the main stream 
which flows at the lower level. 

The same mode of capture may be effected in the case of two 
streams which head on opposite sides of the same divide, one of 
which has a much steeper grade than the other. The stream 
which has the steeper slope will work headward more rapidly, and 
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will eventually tap the head-waters of the opposite stream. This 
method is illustrated in the Catskill Mountains, which are carved 
out of a table-land sloping gently westward, but having a steep 
escarpment on the eastern face, with recesses in which easterly 
flowing streams were established. At the same time westw^ardly 
flowing streams formed on the gently sloping summit level The 
eastern streams, especially the Kaaters Kill and Planters Kill, have 
a steep descent and swift flow and have thus been able to extend 
their heads rapidly and to capture and divert many tributaries of 
Schoharie Creek, which runs westwiard. These captured tributaries 
keep their original course in the direction of Schoharie Creek, but 
make sharp turns and reverses to join the capturing streams. The 
Yellowstone Lake once discharged south westward into the Snake 
River. The Yellowstone River w^as then a small stream, but was 
favourably situated for establishing a steep gradient as it flow^ed 
over a plateau of comparatively soft lava. Extending upward, the 
stream tapped the lake and reversed the direction of its discharge. 

Another method of stream capture is well illustrated by the 
Delaware, the Potomac, and other transverse rivers which have 
cut deep gorges through the Appalachian ridges. Suppose two 
parallel transverse streams flowing across a gently sloping pene- 
plain which is composed of tilted rocks of different degrees of 
hardness. In the manner already explained (p. 482) these streams 
cut gorges through the ridges of hard rock, while longitudinal val- 
leys are worn out along the strike of softer strata, which valleys are 
occupied by tributaries of the transverse streams. If one of the 
two transverse streams be considerably larger than the other, it will 
saw its way through the hard ridges at a correspondingly faster rate 
and establish a lower base-level for its tributaries. One of the 
tributaries with its more rapid fall will be thus enabled to shift its 
divide at the expense of a branch of the rival transverse stream, 
capture it, and by reversing the direction of its flow draw off the 
waters of the smaller main stream above the point where its cap*^ 
tured tributary entered it. Or a tributary of the larger main 
stream may push its w(ay up a longitudinal valley until it taps and 
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diverts the smaller transverse stream without the intermediation 
of any tributary of the latter. Examples of both of these varieties 
of capture may be found among the Appalachian rivers; an ex- 
cellent illustration of the latter method is given by the Potomac 
and Shenandoah. 

When the Potomac was beginning to cut its gap through the 
Blue Ridge at Harper’s Ferry, a smaller stream, Beaverdam 
Creek, was cutting a similar gorge through the same ridge a few 
miles to the south. The Shenandoah was then a young and short 
tributary of the Potomac, which it entered from the south, ilowing 
through the longitudinal valley which was opening along the 
strike of the softer strata to the west of the Blue Ridge. As the 
Potomac is much larger than Beaverdam Creek, it cut its gap 
much more rapidly, thus giving a steep and swift course to the 
Shenandoah. The latter pushed its way up the longitudinal 
valley until it tapped Beaverdam Creek and captured its upper 
course, diverting its waters to the Potomac. Beaverdam Creek 
no longer flowed through the gorge which it had cut in the Blue 
Ridge and which was thus abandoned and became a “ wind-gap,” 
the beheaded Beaverdam now rising to the eastward of the 
abandoned gorge. This gorge is known as Snickers Gap. The 
great number of wind-gaps in the Appalachian ridges show how 
frequently the capture and diversion of smaller streams by larger 
ones has been accomplished among those mountains. 

Figures 248 and 249 show two stages in the evolution of a river 
system. Figure 248 rcj)resents the first stage, in which several 
transverse streams, a, c, c, /, gy are breaching the escarpments 
indicated by sliaded lines. Of these streams, c carries the most 
water, and will therefore deepen its gorges through the hard 
ridges more rapidly than the others, and give its tributaries the 
advantage of a greater fall. In the second stage (Fig. 249),' c has 
captured the upper courses of all the other streams except gy 
'which has not yet been reached. The branch / has captured e, 
beheading it, diveriing the portion a" and renjersmg the portion eA 
Similarly, m has captured and divided e, n has done the same 
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fate. Wind-gaps will be left in the ridges where the captured 
streams once crossed them. 

In regions of folded rocks thrown into a series of parallel 
anticlines and synclines, the process of adjustment may l^ecome 
exceedingly complicated. Suppose an original consequent stream 
flowing in a syncline of hard rock considerably above base-level, 
whose subsequent branches have opened out valleys in softer 
rocks along the crests of the anticlines, where the harder surface 


Fig. 248. — Evolution of a river system, FlG. 249. — Evolution of a river sys* 
first stage. The shaded lines repre- teni, second stage. (De Lapparent) 
sent escarpments of hard rock. (De 
Lapparent) 

Stratum is first cut through. The extension and junction of these 
subsequent branches may olTcr a more advantageous course 
than the hard syncline, and cause the latter to lie wholly 
partially deserted. The streams originally flowing in the .synclinal 
troughs may gradually be shifted to the degraded anticlines which, 
as we have seen, are wasted away more rapidly and this trans- 
fer is facilitated by the fact that the synclinal troughs have very 
gentle slopes longitudinally, giving but small velocity to the rivers 
which flow in them. 
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A thoroughly mature drainage system is characterized by a, 
complete adjustment of its streams to the structure of the rocks. 
The rivers as finally established are thus apt to be a patchwork 
of streams captured and diverted, and the result of adjustment 
is the production of a system often radically different from the 
original one. Even after a river system has become maturely 
adjusted, a reelevation of the country may produce a new and 
entirely different adjustment, by changing the relation of the 
folds and outcrops of hard and soft strata to the base-level. A 
region of great antiquity which has repeatedly been worn down 
and redevated will have experienced many revolutions of its 
drainage systems. 

Warping of the surface nearly always produces extensive 
changes in the drainage systems affected by diverting the course 
of many streams, though the master streams may excavate with 
sufficient rapidity to hold their channels as antecedent rivers. 
As will be shown in a subsequent chapter, the Appalachian 
Mountains had, by the close of the Cretaceous period, been worn 
away to a peneplain, across which the Delaware, Susquehanna, 
and Potomac flowed in transverse valleys to the Atlantic, while 
the New River in Virginia and the French Broad in North Carolina 
flowed westward to the Mississippi. The southern part of the 
peneplain was drained by a longitudinal river called the Ap- 
palachian River, and smaller streams running westward and 
soiithwestward to an extension of the Gulf of Mexico drained 
the southwestern side of the peneplain. Next followed an up- 
warping of the peneplain along a north-south axis, through which 
the northern rivers continued in their old courses, but one of the 
southwestern streams extended headward and captured the head- 
waters of the Appalachian River. Still another upwarp suc- 
ceeded, this time on an axis running nearly east and west through 
northern Alabama and Mississippi, in consequence of which 
a tributary of the Ohio extended itself southward and captured 
the southwestern stream which had before beheaded the Ap- 
palachian River. Thus arose the Tennessee, which enters the 
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Ohio after such a curious course and which 
of tlwee originally independent river systems, and in its changes 
records the history of the region through which it flows. 
Accidents to Rivers, — This term is employed to express the 
interruptions which hinder or prevent the normal development of 
a river system. The diastrophic changes and their effects we have 
already considered, but there are others which slioiild be men- 
tioned. A change of climate from moist to arid greatly interferes 
with the development and adjustment of a river system. Many 
stream channels are abandoned and others are occupied only after 
rains, while the reduced flow in the permanent streams diminishes 
their erosive powers. Large areas, like the Great Basin region, 
may have no outlet to the sea, because the mountain streams all 
lose themselves in the desert sands. Lake Bonneville (see p. 2 
had an outlet until the increasing dryness of the climate so lowered 
its waters that the outlet could no longer be reached, evaporation 
exceeding influx. Great lava flows may obliterate the drainage 
system of a region and compel the establishment of an entirely 
new one, as has happened in southern Idaho and southeastern 
Oregon, a region of exceedingly immature topography and drain- 
age. Extensive ice-sheets, by spreading a thick mantle of drift 
which fills up the valleys, may produce the same effects as lava 
flows, except that the drift is more easily removed. In the 
eastern United States many streams have ]>een displaced by the 
sheets of glacial drift, and forced to seek new channels at a com- 
paratively recent date; they still preserve all the signs of youth, 
such as deep, trench-like gorges (see Fig. 58), 
rapids. The larger rivers have, for the most 
reoccupy their old valleys, but the smaller streams have generally 
been compelled to excavate new channels. 
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SEA-COASTS 

The sea-coast is not merely a line, but a zone of varying breadth, 
sloping toward tlie sea, and with a subaerial and a submarine 
portion. The submarine portion of the coast frequently con- 
tinues the slope of the subaerial j)ortion, with an interruption 
formed by the actual beach, upon which the surf breaks. On 
flat, gently sloping coasts, the beach is generally broad, especially 
if the range of the tides is great, and a beach wall is present 
(see p. 247), frequently with a belt of sand-dunes behind it, while 
on steep, rocky coasts the beach is narrow and may occasionally 
be absent altogether. 

, The coasts of the different parts of the world display a great 
variety of form and structure, but they may all be included in 
a small number of classes. An obvious primary division is into 
(i) regular, (2) irregular, and (3) lobate coast-lines. 

I. Regular Coasts continue fur great distances without 
notable indentations and, for the most part, in gentle curves, 
convex toward the land, which are connected by curved lines 
or meet at o]>luse angles. . . . The flatter the coast, the more 
perfectly is this type developed, and the coast-line runs for many 
kilometers in the same curve. With a steep slope the course 
is regular only in general; in detail it seems as though drawn 
by a trembling hand, with numerous little prominences, which 
project but a few hundred metres l)eyond the general coast-line 
and separated from one another by shallow, curved indentations.’^ 
(Penck.) Flat coasts in .most cases border coastal plains and are 
very generally regular, while the regular steep coasts are marked 
; by lines of cliff, which abruptly break the slope of the land toward 
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the sea. Certain regular coasts, like that of eastern North America, 
for example, arc uniformly flat or steep for long distances, others 
are alternately flat and steep, and are then said to be adjusted. 
Regular coasts have few islands. 

Coastal plains are absent from desert regions and arc Iniilt up 
by the acthdty of rivers; they may be coalesced deltas, or of 
littoral origin, or submarine with the river sediments distributed 
along the shore by currents; subsequent elevation has converted 
the sea-bottpni into land. The longest known (‘oastal plain, 
that of the middle and south Atlantic States, is chielly of this 
submarine origin. Other coastal plains, like that of Holland, 
are of mixed origin, subaerial, littoral and marine deposits oo 
curring near and upon one another. Diastrophic movements 
have but little effect in changing the character of a regular coast 
bordering a coastal plain; elevation merely makes a new coast- 
line along what was before the flat sea-bottom, and depression 
causes the sea to advance over the very gently sloping plain, 
in either case without changing the regularity of the coast. 

Along the steep, regular coasts the line of cliffs, though pursuing 
a very uniform course, is broken by small bays, giving a serrate 
coast-line. It is on such coasts that the destructive work of the 
waves is most advantageously seen (Figs, 74-77, pp. 168-171); 
sca-caves, isolated pillars and stacks, and lines of rocky ledges 
and shoals abound. The submarine pari of the slope is usually 
gentler than the subaerial, and descends gradually to depths of 
ten to twenty fathoms. Above water the height of the sea-cliff 
is moderate, seldom more than 300-400 feet and, consequently, 
this kind of coast is most typically developed in rather low lands, 
mountainous coasts giving rise to other forms. The line of cliffs 
intersects hill and valley and interrupts the system of connected 
valleys, making it evident that land has been lost along that line. 
Such a coast is obviously the work of wave destruction. The 
serrations are due to differences in the hardness of the rocks, 
the .softer rocks being cut into bays and the more resistant ones 
standing out as headlands. The bays, however, remain small, 
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because in them the power of the waves is diminishedj and soon 
a point is reached where no further retreat of the land is possible 
until the headlands have been cut back. 

In brief, the low-lying flat coasts which border coastal plains 
are areas of accumulation, where the land is still, or has lately 
been, gaining at the expense of the sea, while steep, rocky coasts, 
bordered by lines of cliff, are areas along which the sea is eating 
away the land, 

Diastrophie movements have a much greater power in changing 
the character of the cliff coasts than of those which are low- 
lying and fldt. If the land is sinking, its valleys become sub- 
merged and converted into bays, thus forming an irregular coast- 
line, while, if the land is rising, the wave-cut platform forms a 
plain at the foot of the cliffs, which are now inland and beyond 
the reach of the surf. Only in the very rare instances of the 
cutting action of the sea keeping exact pace with the movement 
of elevation or depression, will the steep and regular character 
of the coast be maintained. Hence, such coasts are restricted 
to regions which are stationary or in extremely slow movement. 

Geographical cycles are seldom so clearly distinguishable along 
the sea-coast as in the interior of the continents, chiefly because 
coast topography is determined more by diastrophie movements 
than by marine erosion, which wmrks very slowly on account of 
its limited sphere of action. Subaerial denudation also, as will 
be shown in the sequel, is an extremely important factor in con- 
trolling the character of the coast. Nevertheless, indications 
of the cycle may not infrecpiently be found. A newly upheaved 
coast tends to be regular and straight, because the sea-bottom 
is nearly flat and, when elevated, the sea-level marks a straight 
line upon it. As is true of the subaerial agencies, the first effect 
of wave erosion is to produce irregularities, cutting out bays along 
the softer rocks and leaving the more resistant ones to stand out 
as headlands. But, as already explained, the depth to which 
these bays can invade the land is very limited, since in them 
the power of the waves is greatly reduced, and hence the surf 
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is unable to produce an irregular coast in the full sense of that 
term. However, such a coast may be formed by the combined 
work of the surf and of depression upon a land of strong relief* 
The submerged valleys of subaerial origin become bays and 
estuaries that run far into the land, like Delaware and Chesa- 
peake Bays, and the coastdine becomes higlily irregular. 

In either case, whether the irregularities are relatively insig- 
nificant and foi*med by surf erosion, or of great prominence and 
due to depression , the tendency of marine action is to straighten 
the coast-line and remove the irregularities and thus to produce 
an adjusted coast. This adjustment is brought about by the 
combined w'ork of erosion and deposition. Tlie bays are places 
of sedimentary accumulation, especially if rivers enter them; 
the mouth of the bay is iirst partially or completely closed by 
a barrier deposited by the shore-current, behind which the lagoon 
is silted up and converted into a marsh and eventually into a 
plain. Meantime the headlands are slowly worn back, until the 
power of the waves is insufficient to cut them further. Provided 
the coast remains stationary for a long period, adjustment follows, 
and the ancient coast becomes regular, as the youthful one was, 
but with a difference of structure, for the adjusted coast is made 
up of bold, truncated headlands, alternating with low-lying 
plains and marshes. The Italian coast, with its broad, gently 
curving gulfs, is an example of an adjusted coast, and in the 
province of Tuscany these changes have largely taken place 
within historic times: ^^The bays of Piombino and Grosseto 
were cut oil from the sea by bars, the lagoon.s thus formed were 
transformed into swamp, the dreaded muremmas, which in their 
turn were filled in. The former island of Monte Argentario 
was connected with the mainland by two bars.’^ (Penck.) 

2. Irregular Coasts disjday a great variety of forms due to the 
manner of their origin, and several subdivision.s are employed 
to express this diversity of origin. All the forms, however, have 
this in common, that they are produced by the depression and 
submergence of land-surfaces, and it is the variety of the latter 
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which causes the manifold differences of the irregular coasts. 
On such coasts the numerous bays penetrate far into the land, 
sometimes diminishing regularly in width, but frequently of 
varying width, now expanding into lake-like form, now con- 
tracting to a strait, often winding and even branching, and always 
ending in a land valley. Islands are numerous and are in line 
witli the land between the bays. The land may be high or low, 
gently or steeply sloping, and the su])aenal slope is continued 
beneath the water without cliange, until the flat sea-bottom is 
reached. The ty[)e of an irregular coast is given by its bays, 
which vary from short, funnel-shaped indentations, to long, 
narrow, winding, and branching channels. The subdivisions 
of the class are made in accordance with these variations. 

a. Fjord Coasts are found in the high latitudes of both hemi- 
spheres and in regions which have undergone intense glaciation; 
in the northern hemisphere they are limited by the 49th parallel, 
and in the southern hemisphere by the 41st. Alaska, British 
Columbia, Greenland, Scotland, Norway, the southern end of 
South America, and New Zealand, are typical examples of fjord 
coasts. The fjords are long, narrow, frequently branched, and 
usually very deep; the bottom is divided into several basins and 
the fjords are generally much deeper in the middle of their course 
than at the seaward end, though sometimes they are continued 
across the sea-floor as submarine valleys. The ridges of land 
which separate adjoining fjords are frequently notched by low 
passes, which seaward become straits, connecting the fjords 
and cutting up the ndges into islands, which are always very 
numerous along coasts of this class. Idle famous “ inside pas- 
sage ’’ from Puget Sound to Sitka, Alaska, is a network of deep 
waterways among countless islands. 

Fjords are not confined to any particular type of land topogra- 
phy, nor to any single kind of structure. In Norway, western 
North America and southern Cliili, they pierce lofty, mountainous 
coasts; in Scotland the coasts are of low mountains, while in 
southern Sweden and Finland the fjord coasts are flat. Simi- 
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larly, they occur on coasts where the lines are determined by 
great fault-scarps, as well as on those where the control is due 
to folding. The one indispensable condition is former or 
present glaciation, and in Norway, Greenland, and Alaska 
the landward extensions of many fjords are still occupied by 
glaciers. 

Fjords are clearly glaciated valleys; whether they have been 
merely remodelled by glaciers, or whether they are entirely due 


Fig. 250. Branching fjord, Lynn Canal, Alaska. (U. S. G. S.) 


to glacial excavation, they bear all the characteristic marks of 
ice-action, as these have been elsewhere enumerated (see p. 
Glaciers have the power of overdeepening their valleys and of 
excavating them below sea-Ievel, but it is not yet definitely known 
just how far this overdeepenxng may proceed* At all events, 
the known fjord coasts show other evidence of being much de- 
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deposits are explained by the fact that at the lime of their sub- 
mergence these valleys were occupied by the ice, which thus pre- 
vented the accumulation of sediments. Had rivers been flowing 
in them when the depression occurred, their mouths would first 
have been drowned., checking the current and causing a deposi- 
tion proportionate to the load. Tins has happened in the case 
of the Hudson River, which is a drowned canon of great depth 
in which are accumulated immense thicknesses of .river mud, even 
above the Highlands. That a fjord coast is due to depression is 
not contradicted by the fact that many sucli coasts are now ris- 
ing, like that of Scandinavia; the elevation is still far from, com- 
pensating for the depression. 

b. Rias Coasts: —lihis term is derived from northwestern 
Spain, where the Ria de Vigo, de la Coruna, del Ferrol, and several 
otliers, form long, fjord-like bays, though branching little, which 
extend far into the land. Coasts of this type have frequently 
been regarded as fjord coasts, but there are essentia! differences; 
the bays are shorter, more funnel-shaped, broadening and deepen- 
ing seaward, and are not nearly so deep as fjords. The excava- 
tion was not glacial, and hence the rias are not confined to high 
latitudes, but occur abundantly in the temperate and tropical 
regions, as in Brittany, Cornwall, Ireland, the east shore of the 
Adriatic, Brazil, southern China, and eastern Australia. 

Rias coasts are most frequent at the margin of low mountains 
and lands of moderate height, but they may occur along areas 
of any elevation. Nor are they associated with any special typ)e 
of geological structure; in Spain, Brittany, Cornwall, and other 
regions the rock is a granite without recognizable structure. 
In other instances, structure has exerted an evident control, as 
in the southwest of Ireland, where the bays follow the strike of 
the rocks and thus occupy longitudinal valleys, which are cut out 
along the soft sandstones, while the intervening ridges are made 
up of more resistant limestones. In still other cases the rias 
are found in valleys of folding, w^here the coast-line intersects 
the line of strike. An unusual case is the Bay of San Francisco,^ 
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which is T-shaped and fills a longitudinal strike-valley parallel 
to the coast, with a transverse connection with the Pacific by way 
of the Golden Gate. 

The mode of origin of rias coasts is by the depression and 
partial submergence of short slopes cut by deep valleys of sub- 
aerial origin, whether excavated by rivers or formed by tectonic 
processes. The rivers were short and carried no great load of 
sediment, hence the bays were not filled up with silt and mud 
during the slow submergence. In some examples, as in those of 
Brittany, the valleys are continued for some distance across the 
sea-floor, a circumstance which in itself is an evidence of de- 
pression. The characteristic difference between fjord and rias 
coasts is that the former are due to glaciation and the latter are 
not. 

c, Calas Coasts are typically displayed in the Balearic Islands 
and are marked by numerous short, semicircular, and rather 
shallow bays, separated by narrow peninsulas. On the coasts 
of the Red Sea the bays have a more or less rectangular outline 
not narrowing inland. Obviously, coasts of this class differ but 
little from the serrate regular coasts into which they grade; their 
mode of origin, however, renders it important to make the 
distinction. Calas coasts owe their irregularities not to wave 
ero.sion, but to the submergence of land valleys; those of the 
typical kind are due to the depression of mountain slopes, fur- 
rowed by numerous short ravines. The coasts of the Red Sea 
type arise on the depression of desert mountains, in which valleys 
are few and small. 

The irregular coasts are thus in all cases due to the submergence 
of land, and their characteristic features are to be explained by 
the differences of the land-surfaces before submergence, which in 
turn are determined chiefly hy the siibaerial agents. 

While the classification of coastal forms serves a useful purpose, 
it must not be supposed that it is always easy to refer a given coast 
, to a definite type. In travelling along a coast, one type is fre- 
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queiitly found to change and give way to another, as in eastern 
North America, for example. This entire coast has recently been 
depressed, and from the end of Florida to 45® N, lat. the sub- 
sidence is still in progress, but the effects of the submergence are 
very different in accordance with the former land-surfaces. The 
depressed margin of the coastal plain is a regular coast, with very 
few islands, while that of Maine, Nova Scotia, and New Brunswick 
is highly irregular and has numerous rocky islands, wliile the 
Hudson River, Delaware and Chesapeake Bays are drowned 
valleys. Between the two types the transition is gradual. Here 
one kind of coast succeeds another, but two or more may occur 
together; calas are frequent on rias coasts, and rias are found 
among fjords. In such cases the general character of the coast 
determines its reference. 

3. Lobate Coasts. — In the preceding classes of irregular coasts 
the bays are, after all, of comparatively small dimensions, and the 
general trend of the coast is not greatly affected by them, but there 
are other coasts, where the land is invaded by very broad, deep 
gulfs, which are not mere indentations, and the interlocking gulfs 
and peninsulas are of the same order of magnitude. Greece is 
a typical instance of the lobate coast, and the islands of Celebes, 
Japan, and Haiti are other examples of the same type. The origin 
of the gulfs, which are usually very deep, is probably to be ascribed 
to faulting. 

Professor Penck has calculated that, in round numbers, 
of the sea-coasts of the earth belong to one or other of the irregular 
types ; and of this amount nearly one-third is of the fjord coast class 
and rather le.ss than half of the rias coast class. Of the continental 
coasts 43% are regular, and two-thirds of these are low, flat coasts, 
and nearly one-third adjusted. As the flat coasts are due to accu- 
mulation and many of them to upheaval, but a small amount re- 
mains as directly formed by wave erosion. From these figure^ it 
appears that diastrophism is of more importance than marine 
denudation in determining the character of the coast-lines. , , 
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Relations of Sea-coasts to Structure. — As has been repeatedly 
mentioned in the foregoing paragraphs, the details of coastal 
topography often show no obvious relations to the geological 
structure of the rocks. On a grand scale, however, the position 
and trend of coast-lines are controlled by tectonic features, and 
frequently the details are similarly determined. Many coasts are 
due to great systems of faults, which may, as in the Atlantic shores 
of Europe, intersect the prevailing lines of strike, or may run 
a]:)proximat,ely ].>arallel with those lines, as in eastern Asia, where 
a series of tilted fault-blocks form the ])la,ins, the coast-lines, and 
the lines of fringing islands. Other coasts are coincident with 
long lines of folding, as is illustrated {}y the entire west coast of 
North and South America, the foreland of the great mountain 
chains being more or less completely submerged. The Dalma- 
tian coast on the east side of the Adriatic is a half-submerged belt 
of folding and the coast-line obliquely truncates the strike. Fjord, 
rias and cal as coasts may occur in association with any type cjf 
structure; they are determined by the dominant class of subaerial 
denuding agents. 
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MOUNTAIN RANGES 

The term mountain is somewhat loosely em])ioyed for any lofty 
eminence, and the distinction !)et\vce]i mounlnins and hills, as 
ordinarily made, is principally a question of height* Some so- 
called mountain peaks and ridges are merely the portions of 
dissected plateaus left standing, siudi as Lookout Mouiitaiii and 
Missionary Ridge in Tennessee, and the Ailegliany Front in Penn- 
sylvania. Such mountains usually have flattops (table inoimtains), 
are composed of strata which are nearly or quite horizontal, and 
owe their existence either to their being composed of more re- 
sistant rocks than the denuded parts of the plateau, or to their 
favourable situation with reference to the drainage lines. Another 
type of mountain is the volcanic, which is usually an isolated cone 
and may be liuilt up to great heights; it is simply the accumula- 
tion of volcanic material which has been piled up around the 
vent. To the same general class, as due to igneous rocks, might be 
referred the laccoUthic mountains^ in which an intrusive magma 
has pushed up the overlying strata into a dome. Such mountains 
may stand isolated (Fig. 220), or several may be grouped together 
(Henry Mountains of southern Utah), or they may form extensive 
])arts of true ranges (Elk Mountains, Colorado). Block moun- 
tains, which are tilted and eroded faull-biocks, form a third 
class; these may be single or in groups, or lineally extended as 
a range. Typical mountain ranges and chains are mountains of 
foldings and differ materially from any of these classes, both in 
their structure and their mode of origin. Before proceeding to 
discuss the origin and history of mountains, it will be necessary 
to define the terms to be used. 
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A Mountain Range is made up of a series of more or less par^ 
allel ridges, all of which w^ere formed within a single geosyncline 
(p, 330) or on its borders. The ridges are separated from one 
another by longitudinal valleys, and may be formed either by the 
successive folds or by denudation within the limits of the folds. 
In the latter case the outcropping harder strata make the ridges. 
A mountain range is always very long in proportion to its width, 
and its ridges have a persistent trend. These features distinguish 
a true range from the ridges cut out of a plateau by denudation. 
The Appalachian range, the Wasatch, the Coast Range, are ex- 
amples of typical mountain ranges. 

A Mountain System is made up of a number of paralleb or con- 
secutive ranges, formed in separate geosynclines, but of approxi- 
mately similar dates of upheaval. The Appalachian system com- 
prises the Appalachian range, running from New York to Georgia, 
the Acadian range in Nova Scotia and New Brunswick, and the 
Ouachita range in Arkansas. Each of these ranges was formed in 
a different geosynclinal, but at the same geological date, and they 
are consecutive, having a common direction. 

A Mountain Chain comprises two or more systems in the same 
general region of elevation, but of different dates of origin. The 
Appalachian chain includes the Appalachian system, the Blue 
Ridge, the Highlands of New Jersey and the Hudson, a system of 
different date, and the Taconic system of western New England, 
which was not formed at the same time as either of the others. 

A Cordillera consists of several mountain chains in the same 
part of the continent. Thus, the chains of the Rocky Mountains, 
Sierra Nevada, Coast Range, and their prolongations in Canada, 
together make up the Rocky Mountain or Western Cordillera. 

From these definitions it will appear that the mountain range 
has a unity of structure and origin which fits it especially for study. 
If the history of the ranges be understood, the systems and chains 
will offer little additional difficulty, 

A mountain range (disregarding, for the present, certain excep- 
tional cases) consists of a very thick mass of strata, which are 
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much thicker in the mountains than the same strata in the adjoin- 
ing plains. In the Appalachian range, for example, the stratified 
rocks are more than 25,000 feet thick, but on tracing the same 
series of beds westward into the Mississippi Valley, they are found 
to become very much thinner, hardly exceeding one-tenth of the 
thickness in the mountains. This immense thickness of the 
component strata is not peculiar to the Appalachians, but reappears 
in the typical mountain ranges everywhere; the Wasatch range has 
31,000 feet of strata, the Coast Range 30,000 feet, the Alps 50,000 
feet, etc. The thick series of strata which make up a mountain 
range are usually conformable throughout, though this conformity 
may in some cases be deceptive and due to the obliteration of 
unconformities by folding. Deposition usually appears to have 
been without conspicuous breaks, and there was little or no loss 
from denudation, though in some cases the region which subse- 
quently was upheaved into the range had its oscillations of level, 
recorded now in unconformities. This may be seen, for example, 
in the Ouachita range of Arkansas. 

Another well-nigh universal fact concerning the structure of 
mountain ranges is the intense folding or plication of their strata, 
often accompanied by great thrusts. The degree of plication 
varies much in different ranges. The Uinta Mountains are formed 
by a single great and gently swelling arch of strata, faulted along 
its northern slope. So gentle is the curvature of the beds that in 
a single view they often seem to be quite horizontal. The Black 
Hills, South Dakota, form a great dome, with somewhat oval 
ground-plan. Much more commonly the strata are thrown into 
a series of parallel folds, which sometimes are open, upright, and 
symmetrical, as in some of the ridges of the Jura Mountains of 
Switzerland, in which the folds are so symmetrical and regu- 
lar that a section across the parallel ridges looks like a dia- 
gram. This comparatively gentle folding is, however, not the 
rule, but rather an intense compression and plication. The 
Appalachians are thrown into closed, asymmetrical, and over- 
turned folds, with frequent great thrusts. The Sierra Nevada . 
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is SO intensely plicated that the thickness of its strata has not yet 
been estimated. The Alps have undergone such enormous com- 
pression that many of the ridges are in the form of fan folds (i.e. 
the anticlines are broader at the crest than at the base), while 
others have been pushed over to an inverted position. The com- 
bination of this violent contortion with faults and thrusts often 
results in an indescribable confusion and chaos of forms, which 
it is exceedingly difficult to comprehend. 

In folded mountain ranges three zones may be distinguished: 
(i) A rigid, unyielding mass which is not folded, (2) the zone of 
folding, (3) the zone of diminishing action, where the folding gradu- 
ally dies away or ends in a fault. Many, perhaps most, ranges are 
bounded by faults on one or more sides, as is true of the Sierra 
Nevada, Wasatch and Uinta Mountains, the Alps, etc. The side 
of the range toward which the overturned folds incline is called 
the foreland^ and may ])e either the unfolded mass or the zone of 
diminishing action; the former arrangement occurs in the Alps, 
the latter in the Appalachians. 

The two main characteristic features of mountain ranges are, 
then, the immense thickness of the strata of which they are made, 
and the compression and folding or thrusting which they have un- 
dergone. Certain minor structures which accompany these more 
striking features should, however, not be overlooked. In the first 
place, the folded strata of mountain ranges are very generally 
cleaved, or fissile, or both, the planes of cleavage or fissility run- 
ning parallel with the axes of the folds, (2) The major folds are 
themselves com])(.)sed of successive series of minor folds in de- 
scending order of magnitude, the smallest of them being visible 
only with the microscope, (3) D3mamic metamorphism is an 
almost universal feature of mountain ranges, the transformation 
of the rocks being in proportion to the intensity of the plication. 
The microscope gives eloquent testimony to the enormous forces 
which have been at w’^ork, by showing how the minerals have been 
mashed and flattened, rendered plastic and flowing like wax 
in a hydraulic press. (4) Masses of igneous rocks are very often. 
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though not always, associated with mountain ranges, and many 
such ranges have a core of igneous rock, often granite, with strata 
flanking it on both sides. 


Origin OF Mountain Ranges 

The manner in which mountain ranges have been formed must 
be deduced from a careful study of their structure, for no one 
has ever witnessed the process of that formation. Mountain 
building may be going on at the present time; indeed, there 
is no reason to suppose that it is not, but so slowly is the work 
carried on that it withdraws itself entirely from observation. 
Nevertheless, the general course of events may be inferred with 
much confidence from the struGtm*e of the range. 

The first step in the formation of a mountain range must evi- 
dently be the accumulation of an immensely thick body of strata. 
This, of course, must have taken place chiefly under water, and the 
only body of water large enough is the sea. Furthermore, our 
studies of modern marine deposits have taught us that thick strata 
can be accumulated only in rather shallow water and parallel with 
shore-lines. This shoal-water origin of their strata is coiitlrmed by 
the examination of actual mountain ranges, where we find great 
masses of conglomerates, ripple-marked and sun-cracked sand- 
stones and shales, and abundant other testimony of deposition in 
shallow water, in deltas and on flood plains of rivers. To accumu- 
late thick strata in shoal water, the bottom must subside as the 
sediments are piled upon it, else the water would be filled up and 
deposition cease. Such a sinking trough is a geosyncline, and in 
geosydines filled with sediments is the (Tadle of the mountainB. 
The area of the trough varies from time to time, as do also the 
position of the line of maximum subsidence and the relative rate 
of depression and sedimentation, so that the depth of water varies, . 
We saw above that the strata of mountain ranges are very much 
thicker than the same strata in the adjoining plains, which means 
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that the ranges have been formed along the lines of maximum 
sedimentation. 

The second stage in the building of a range is the upheaval of 
the thick mass of strata into a series of anticlinal and synclinal 
folds, which may be upright, open, and symmetrical, or closed, 
asymmetrical, inclined, or inverted. This, as we have already 
learned, can be produced only by lateral compression, a con- 
clusion which is sustained not only by the mechanics of folding and 
faulting, but also by the less obvious structures, such as cleavage 
and fissility, metamorphism, the microscopic crumplings and pli- 
cations, and the crushing and flowage of the mineral particles. 
The compressing force does not raise anticlines with great cavities 
beneath them, for such arches could not well be self-supporting, 
but mashes together the whole mass of strata, raising them into 
folds and wrinkles, crowding the beds into a greatly reduced breadth ; 
or, when they are not sufficiently loaded to be plastic, breaking 
and dislocating them in great thrusts . It is not necessary to suppose 
that a mountain range was thrown up by one steady movement. 
On the contrary, there is good reason to believe that repeated move- 
ments, separated, it may be, by long intervals of time, have been 
engaged in the work. 

The great forces of compression which have upheaved mountain 
ranges have manifested themselves recurrently from the earliest 
to the latest recorded periods of the earth’s history, and from these 
recurrences form conspicuous landmarks in the chronological 
scheme. 

There are certain mountain ranges which have a different struc- 
ture and must have had a correspondingly different mode of origin. 
As already pointed out, in the Great Basin, which lies between 
the Sierra Nevada and the Wasatch Mountains, are a number of 
parallel mountain ranges with a prevalent north and south trend, 
which are collectively called the Basin Ranges. These mountains 
are not folds of very thick strata, but tilted fauUMocks, which have 
been made by normal faults, each upthrow side standing as a great 
escarpment, but with a tilted top that gradually slopes back to the 
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foot of the next block, to which it stands as the downthrow side* 
The processes of denudation have carved these lilted blocks into 
peaks and ridges of the ordinary kind. The boundary ranges, 
the Sierra Nevada and the Wasatch, although mountains of fold- 
ing, have themselves been modified by the same process, for each 
of these ranges has a great fault along its base, the Great Basin 
being on the downthrow side with reference to each of them. 

The Date of Mountain Ranges means the geological ]*)eriod in 
wliich they were first upheaved above the sea. This date is sub- 
sequent to the newest strata whicli are involved in the movement, 
and earlier than that of the oldest strata wliich did not take part 
in it, but must have done so, had they been jiresenl. vStrata which 
rest unconformably against the flanks of a range must have been 
deposited after the folding movement was accomplished. If the 
newest folded strata and the oldest unmoved strata be of successive 
geological periods, the date of the upheaval is placed between those 
two periods and said to close the older one for the particular region 
involved. The subsequent history of a mountain range after its 
final upheaval above the sea must be read in its denudation and in 
the evolution of its topography and drainage. 

Denudation of Mountains 

Mountains as we see them are never in the shape which they 
would present were the forces of compression and upheaval alone 
concerned in their formation. Every mountain range has been 
profoundly affected by the agencies of denudation, and their 
ridges and peaks, their cliffs and valleys, have been carved out of 
swelling folds and domes, or angular, tilted fault-blocks. As 
upheaval is a slow process, denudation must have begun its work 
as soon as the crests of the folds made their appearance above 
the sea, or above the level of the ground, so that probably no 
range ever had the full height which the strata, if free from de- , 
nudation, would have given to it. Upheaval, though sometimes 
slow enough to allow rivers to keep their channels open, is yet too ^ 
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rapid to be kept in check by the processes of general atniospheric 
weathering, and so the ranges grew into great uplifts. But as soon 
as the movement of elevation ceased, denudation began to get the 
upper hand, for as we have learned, mountains are the scene of 
rapid erosion. 

Lofty, or alpine^ ranges are subject to peculiarly rapid and effec- 
tive denudation, quite different in character from that which 
operates in the lowlands. Above the limit of the growth of trees 
(tree- or timber-line) rock destruction goes on with great rapidity, 
as is indicated by the wild and chaotic confusion of rock-pieces. 
In German this is called Felsenmeer (sea of rock), but thei*e is no 
English term for it, and it is preeminently cliaracteristic of lofty 
mountain slopes. These masses of shattered rock are not only 
evidences of rapid disintegration by frost, but afford an immensely 
increased surface to destructive weathering. The wind, which 
blows with great violence, is an important agent of destruc- 
tion; avalanches carry down great quantities of rock, and the 
combined agencies of frost and gravity produce the vast talus 
slopes of all high mountains. 

Another very. effective agent among alpine summits is the glacier, 
which, by widening and cutting back the cirque at its head, eats 
rapidly into the mountain mass. When many glaciers rise on the 
different sides of a mountain, the recession of the cirques will de- 
velop sharp crests and knife-edges. To this cause has been chiefly 
attributed the extreme ruggedness of the high Alps, Sierra Nevada, 
and other ranges. 

For a long period the effect of denudation is greatly to increase 
the ruggedness of the mountains, carving folds into ridges and cliffs, 
and ridges into bold and inaccessible peaks, but sooner or later the 
mountains are worn down lower and lower, and are eventually 
levelled with the plains from which they spring. In the process 
of degradation, the synciines often resist wear better than the 
anticlines, and standing up above the level, form the synclinal 
mountains of many ancient ranges. 

From the geological point of view mountains must be regarded 
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as short-lived and .ephemeral; low-lying plains persist for a longer 
time than do lofty ranges, as rivers may outlast many generations 
of lakes. Consequently, among the mountain chains of the globe, 
we everywhere lind that the lofty ranges are those of compara- 
tively recent date, while ancient mountains have been worn down 
into mere stumps. The Appalachians have l.)een reduced nearly 
to base-level, and their present condition is that of a reelevated 
and dissected peneplain, the ridges and valleys of which are deter- 
mined by the position, attitude, and alternation (.)f harder and 
softer strata. In its ]jristine state this very ancient range may 
liavc been as lofty as the Alps or Ande^. Of course, there is no 
mathematical ratio between the yoiilh of a range and its height, 
for moderately folded strata of moderate thickness never could 
have formed very high mountains, but in a general way it is true, 
that very high ranges are youthful, and that very old ranges are 
low. The process of degradation may go so far as to sweep away 
a mountain range to its very roots, leaving only the intensely 
plicated strata of the plain as evidence that mountains ever ex- 
isted there. Of such a nature is the upland of southern New 
England and the great metamorphit: area of Canada, both of which 
probably once carried ranges of high mountains. 

Appalachian Cycles 

We have seen that any region, however lofty and rugged, must 
eventually be worn down to base-level, provided only that the 
country remain stationary with reference to the sea until the pro- 
cess of degradation is complete. It is doubtful, however, whether 
any extensive region of liard rocks has ever l>een absolutely re- 
duced to base-level: the usual result is the formation of a pene- 
plain, a low-lying, featureless surface of gentle slopes and with only 
occasional eminences rising above the general level. Reelevation. 
of such a peneplain at once revivifies the streams and gives all the 
destructive agencies new powers. The peneplain is attacked and 
carved into valleys and hills, the valleys being rapidly cut down 
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to base-level, while the divides and hills are much more slowlv 
removed. If time enough be granted, the rugged country formed 
from a dissected peneplain is in its turn worn down to a second 
peneplain at a lower base-level. This alternate upheaval and 
wearing down together constitute a cycle of denudation^ from base- 
level back to base-level. A complete cycle is one in which the 
whole region is reduced to a peneplain before the reelevation 
occurs, and a partial or incomplete cycle is one which is inter- 
rupted hy upheaval before the region is cut down, and only small 
and local peneplains have been formed. From a study of an old 
region several cycles of denudation may frequently be made out, 
represented by the remnants of dissected peneplains at different 
levels preserved in the harder rocks. The successive adjustments 
of the drainage .system are a valuable auxiliary in working out the 
history of the cycles. 

As an excellent example of these cycles of denudation whose 
marks are preserved in the structure of the rocks, we may take the 
Appalachian Mountains, which have been studied with great 
care. The cycles have been worked out elaborately, but only an 
outline of the more striking events can be given here. 

These mountains began as a great geosyncline in which through- 
out the vast lengths of the Palaeozoic era were accumulated enor- 
mously thick masses of shoal-water sediments. Toward the close 
of that era a number of crustal movements set in, crushing the sides 
of the geosynclinal trough, and crumpling the mass of strata con- 
tained in it into a series of roughly parallel, closed, inclined, or 
overturned folds, forming doubtless a very lofty range of moun- 
tains. During the long ages of the Mesozoic era the mountains 
were attacked and worn dowm by the destructive agencies; and 
by the time the Cretaceous period was reached the range had 
been reduced to a peneplain, with only a few hills rising above its 
almost featureless level, — hiDs whicn are now the peaks of west- 
ern North Carolina, the highest points of the range at present. 
The present height of these peaks is due to subsequent reelevation. 
Yhis plain is called the Kittatinnv peneplain, because the ridge 
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of that name In Pennsylvania and New Jerse^^ one of the rem- 
nants of it. To the observer who can overiook the billowy ridges 
of the present range their even sky-line is very striking, and these 
ridges are all composed of the hardest rocks, which all rise to 
nearly the same level. To reproduce the plain it would be nec- 
essary to lill the valleys between the Blue Ridge on the east and 
the plat(iaii on the west up to the level attained by the liard ridges, 
and this would give a gently arched surface, sio|.nng very gradu- 
ally to the Mississippi Valley and the Atlantic. On this peneplain 
were already established the gi*eat streams which ilow to the 
ocean, such as the Susquehanna and the Potomac. 

Next the peneplain was raised very gradually to a height of 
1400 feet in Virginia, diminishing in both directions from this 
point, and the denuding forces once more attacked and dissected 
the plateau, the larger streams holding their transverse courses and 
sawing through the hard strata, which were left standing as ridges 
by the cutting of the longitudinal valleys along the more destruct- 
ible beds. Denudation had cut down the softer beds to one gen- 
eral level, called the Shenandoah peneplain, the period of rest 
being long enough to Ijring all the areas of soft and soluble beds 
to tliis level, but not materially to lower the ridges of the more 
resistant strata. 

‘‘The swelling of the Appalachian dome began again. It rose 
200 feet in New Jersey, 600 feet in Pennsylvania, 1700 feet in 
southern Virginia, and thence southward sloped to the Gulf of 
Me.xico. . . . In consequence of tlie renewed elevation, the 
streams were revived. Once more falling swiftly, they have 
sawed, and are sawing, llieir channels down, and are preparing 
for the development of a future base-level.^’ (Willis,) 

Accordance of Alpine Summits. — It is perhaps generally true 
of very high ranges that their highest peaks and ridges are ar- 
ranged so as to ]>e in accordance. If we imagine a surface which 
shall every\vhere touch these summit-levels, it will be found to 
form a gently arching dome, with major axis coinciding with the . 
general trend of the mountains and highest in the interior of 
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range. This accordance has been observed in many alpine 
ranges, such as the Pyrenees, Alps, and Caucasus, the Sierra 
Nevada and Cascades, the Selkirks and Coast Range of British 
Columbia, and the mountains of Alaska. 

In attempting to explain this remarkable coincidence, the hy- 
pothesis of })eneplanation and subsequent upwarping, which is so 
satisfactory and so widely accepted as applied to the Appalachians 
and similar cases in Europe, has also jjeen employed for alpine 
ranges of comparatively recent geological dale. This explanation 
has not, however, found so general an acceptance for the high 
mountains, and other hypotheses should be considered as possible 
alternatives in each case. These rival hypotheses may be grouped 
into two classes: (i) those which regard the accordance as due to 
original structure in the processes of upheaval, and (2) those 
which refer the phenomenon to the spontaneous action of the 
denuding forces. 

(1) There is no reason to believe that mountains could, or ever 
did, rise to indefinite heights; on the contrary, their height must be 
limited by the ability of their foundations to sustain them, and the 
principle of isostatic adjustment might well operate to produce 
some rough accordance of height, while denudation during the 
slow upheaval would tend to remove the higher summits faster 
than the lower ones. ‘‘The downcrushing of higher, heavier 
blocks with the simultaneous rise of their lower, lighter neigh- 
bors, coupled with the likewise simultaneous, especially rapid 
loss of substance on the higher summits, form a compound pro- 
cess leading toward a single, relatively simple result. (HiilyO 

(2) The core of many high ranges is a granite batholith, from 
which are carved the higher peaks and ridges, the original cover- 
ing of strata having been swept away by denudation. The form 
of the uneroded batholith was that of a gently arching dome, such 
as might be expected to give rise to accordant summits in the peaks 
carved from it. In ranges, like the Alps, which have no batho- 
lithic core, there is yet almost always great metamorphism due to 
the compression of the rocks and the weight of overlying masses. 
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The surface of the melamorpliic core was pn^bably quite regular 
before the covering strata were removed, and would tend to result 
in accordant summits among tlie peaks which arc sculptured out 
of it. The thoroughly metamorphosed rocks, such as gneisses, 
schists, (iuartxites, marbles, etc., are not very different from one 
another in their resistance to weathering, and hence denudation 
would tend, in a general way, to maintain the accordance. Indeed, 
many investigators of the Alps ascribe the accordant summits 
to denudation alone. The longer a mountainous region is 
exposed to denudation, tlie more completely do the indications 
of original inequalitie.s in the relative heights of its ]>eaks disap- 
pear, till fmally the summits are determined entirely by the char- 
acter of the rocks, the most ix'sistant rocks forming the highest 
peaks.^^ (Penck.) 

It is not necessary to assume that any of these alternative 
hypotheses is true to the exclusion of the others. All the factors 
mentioned may cooperate to a coinmon end, and for every moun- 
tain range the problem shoukl be regarded as an individual one, 
without taking for granted that one explanation will cover all 
cases. 
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HISTORICAL GEOLOGY 
CHAPTER XXIV 

FOSSILS -GEOLOGICAL CHRONOLOGY 

A fossil is the impression or remains of an animal or plant pre- 
served in the rocks. 

A knowledge of fossils is indispensable to the geologist because 
they give him the means of establishing a consecutive chronology 
of the earth, and teach him much concerning the changes of 
land and sea, of climate, and of the distribution of living things 
uppn the globe. 

I. How Fossils were embedded in the Rocks 

The conditions of the preservation of fossils are much more 
favourable to some kinds of organisms than to others. It is only 
under the rarest circumstances that soft, gelatinous aziimals, which 
(like jelly-fish) have no liard parts, can leave traces in the rocks. 
The vast majority of fossilized animals are those which have hard 
shells, scales, teeth, or bones; and of plants, those which contain 
a sufficient amount of woody tissue. 

, Again, the conditions under which organisms live have a great 
influence upon the chances of their preservation as fossils. Land 
animals and plants are much less favourably situated than are 
aquatic forms, and since the greater number of sedimentary 
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rocks were laid down in the sea, marine organisms are much more 
comimm as fossils than are those of fresh water. 

On land, fossils have been preserved, sometimes in astonishing 
numbers, under wind-made accumulations of sand, dust, or vol- 
canic ash, and in the llood-plain deposits of rivers. Peat-bogs are 
excellent places for fossilizatioii, and the coal seams have yielded 
great num])ers of fossils, principally of |}lants. The remains of 
land animals and jdanls, esj.)ecially of the hitler, are sometimes 
swept out to sea, sink to tlie bottom, and are there covered up and 
preserved in the deposits; lint such occurrences are relatively un- 
common. Small lakes offer more favourable conditions for the 
preservation of terrestrial organisms. Surrounding trees drop 
their leaves, flowers, and fruit upon the mud-flats, insects fall into 
the quiet waters, while quadrupeds are mired in mud or quiclg' 
sand and soon buried out of sight. Flooded streams bring in 
quantities of vegetable debris, together with the carcasses of land 
animals, drowned by the sudden rise of the flood. 

The great series of fresh-water and volcanic-ash deposits, which 
for long ages were formed in various parts ()f our West, have ])roved 
to be a marvellous museum of the land and fresh-water life of that 
region. On the fme-grained shales are preserved innumerable 
insects and fishes, with muilitudes of leaves, many fruits, and 
Dccasionally flowers, while in the sands,* clays, and tuffs, are en- 
tombed the bones of the reptiles, mammals, and, more rarely, 
birds of the land, mingled with those of the crocodiles, turtles, and 
fishes that lived in the water. Similar deposits are known in other 
continents. 

It is on the sea-lied that the conditions are most favourable 
to the preservation of the greatest number and variety of fossils. 
Among the littoral deposit.s ground by the ceaseless action of the 
surf, fossils are not likely to be abundant or well-preserved, but 
in quieter and deeper waters vast numbers of dead shells and 
the like accumulate and are buried in sediments. The fossils are 
not, however, uniformly distributed over the sea- bottom; in some 
places they are cniwded together in multitudes, while large areas 
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will be almost devoid of them. The differences are due to va, na- 
tions in temperature, in the character of the bottom, in food supply, 
and other conditions. Even under the most favourable circum- 
stances, the fossils can never represent more than a fraction of the 
life of their times. Indeed, tlie wonder is that so much of the 
life systems of past ages, has been preserved, rather than that so 
large a part has been irretrievably lost. 

The ways in which fossils are preserved vary much, but three 
groups include all the principal kinds. 

(i) Preservation of more or less of the original substance. 
In certain rare instances an organism may be preserved intact, 


Fig. 252. r— Artificial external mould of clam shell (on left) and original shell (on 

right) 

as have been the carcasses of the extinct species of elephant and 
rhinoceros in the frozen gravels of Siberia. Much more common 
is the decomposition of the soft structures and the preservation of 
the hard parts, — bones, shells, etc. Most of the shells and bones 
found in the rocks of later geological date are composed of the 
material originally belonging to them, though they have suffered 
much loss of substance, 

. (2) Entire loss of substance and retention of form. In this 
class of fossils all the original material of the organism has been 
lost, and no trace of its internal structure is retained, but only the 
external form has been reproduced in some different material. 




HOW FOSSILS wp:re embedded in the rocks 


Under this class we may distinguish two principal varieties: (a) 
Moulds and (h) Casts. A mould is formed when the fossil is em- 
l:>edded in sediments, which accurately reproduce its external 
form, and harden so as not to collapse when the fossil is removed. 
Percolating waters then dissolve away the organism entirely, leav- 
ing only a cavity, which is the n'U)uld. Impressions of footprints, 
whicli may be })laced. in the same category as moulds, have already 
been exjdained (see pp. 206-7). 

Casts are formed when the mould is filled l,)y some solid sub- 
stance deposited from percolating waters, thus reproducing the 


Fig. 253. — Artificial internal cast of clam shell (on left) and inner view of original 
shell (on right) 

form of the fossil, as is done artificially with plaster or gutta-percha, 
if the fossil were hollow, like a shell, we frec|uently find a com- 
bination of internal cast with an external mould in the same 
spet'imeiL At the time the fossil is embedded its interior is 
filled with the same sediment which hardens and forms an inter- 
nal cast, exactly reproducing the form, of the interior. The shell 
itself is then dissolved away, leaving a space between the outer 
mould and the inner cast. Moulds and casts are commonest in 
rocks which permit percolating waters to traverse them freely, 
such as sandstones and coarse-grained limestones. 




B'IG. 254. — Petrified logs, exposed by weathering of tuffs, Arizona, (Photograph 

by Sinclair) 

materials, the most perfect results being given by silica. A silici- 
jSled bone, or tooth, or bit of wood, differs from the original only in 
weight, colour, and hardness, and when a thin section is examined 
under the microscope, the minutest details of structure may be 
made out as perfectly as from the unaltered original. CaCOs is a 
very common petrifying agent, but it often obliterates structure by 
crystallizing after deposition ; less usual are pyrite and siderite. 


(3) Loss of substance with reproduction of form and structure. 
Fossils of this class are also called petrifactions and pseudomorphs 
(the latter a term borrowed from mineralogy). Here the original 
material of the organism has been more or less completely re- 
moved, and other material substituted for it; but the substitution 
has been so gradual, molecule by molecule, that not only the 
external form but also the microscopic structure has been perfectly 
reproduced. Several scantily soluble substances act as petrifying 
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II. What may be learned from Fossils 

The principal value wliich fossils possess for the geologist lies in 
the assistance which they give him in reconstructing the history of 
the globe. This they do in vseveral ways. 

(i) In detemiining Geological Chronology. — The most ob- 
vious way in which to make out the relative ages of a series of 
stratified rocks is to determine their order of superposition, for the 
oldest will be at llie l)uttom and thfi newest at the top (see p. 323). 
But this method is of only local application and will not carry us 
far in an endeavour to compile a history of the whole earth. It 
cannot enable us to compare even the rocks of different parts of 
the same continent, for any exposed section is but a small frac- 
tion of the whole series of strata. More embarrassing still, strata 
change their character from point to point, limestone being laid 
down in one place while sandstone is accumulating in another. 
Still less can the order of superposition help to determine the 
relative ages of rocks in different continents, for this order in 
North America can be no guide to the succession in Africa or Aus- 
tralia. This conclusion does not imply that order of superposition 
may be safely neglected; on the contrary, it is of fundamental im- 
portance, but it must be studied in connection with the fossils. 

Life, since its first introduction on the globe, has gone on ad- 
vancing, diversifying, and continually rising to higher and higher 
planes. We need, not stop to inc|uire how this progression has 
been effected; for our jircscnt purpose it is sufficient to know that 
progress and change have been unceasing and gradual, thougli 
not necessarily occurring at a uniform rate. Accepting, tlien, tlie 
undoubted fact of the universal change in the character of the 
organic beings which have successively lived on the earth, it follows 
that rocks whidi have been formed in widely separated periods of 
time will contain markedly different fossils, while those which were 
laid down more or less contemporaneously will have similar fossils. 
This principle enables us to compare and correlate rocks from all 
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the continents and, in a general way, to arrange the great events 
of the earth’s history in chronological order. 

The general principle that similarity of fossils indicates the ap- 
proximate contemporaneity of the rocks in which they are found 
must not be taken too literally, for it is subject to certain limita- 
tions and exceptions. 


|s:s:s:s; 


I SSSSSSS"" 5*"^ - ' 

jiiiitiiir 

RS 5 S”S!SS! 


|SSSS»SSSI 


ssssssss: 




1 nissssass: 


liillililii 


iiii 


■ ■■JMIIiNRIfliMti'll' 



iSsSsKs^ssgsssSSsSs^sspsssggsItlsiss! 
[ssK:^ass5:ssss^88s»;i»s8S5SsrvSssssL.., 


i!iSsES»^l£SK»! 

~SSS;S£;^i»s:iS:l 

I M «t« MW wai»X|liiMa I 

“ 

WaMMKMWill.B 


JisssSSsss! 

fS 88 SS S 5 S 8 }i 

IHPIIIItl 


;|8SgS8SSSS|| 

IWMSWiilViiMSS'll 

igsssisassKjf 

n^^iiS88:i;S8SS88!| 
^i£88£8S82!;SS&SS8S;| 
ISSS888&*^S8:SSS:8S!| 

r,.-^WW«WWWW.’HWMWWW»««Mia 

iS|?>5:58S9SS5SSS8888f 

JIWSw.ilWWWWUWWWWMMHWItlWlI 

ssissnsiSissiSSSssiiL 

ir«i;?S8V%8SS8SS8SSSSSSS;| 
yjiwwS5Sr^^5555nSSSBSwS8?5-'® 


^wwiiBiiWwr— 

““gSggf**' 


18 S 6 iii* 8 »»SiiwS«^: 4 '^e«w 88 

i:5SSiS8SSSS881iSSSS;8 


Fig. 255. — Geological map of Central New York, showing the faunal provinces of 
aie Upper Devonian (Portage stage). (Clarke) 

‘ (a) Exact contemporaneity is not meant, for the progress of 
life is very slow, and rocks formed thousands of years apart may 
yet contain precisely similar fossils. 

' (b) Animals and plants differ in different parts of the world, so 
that contem;|oraneoii^'*^rocks formed in widely separated regions 
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will always show a certain amount of difference in their contained 
fossils. In comparing the rocks of two continents, it is often ex- 
ceedingly difficult to decide just how much of a given difference 
in the fossils is to be ascribed to a difference in the time of rock 
formation, and how much to mere geographical separation. 
There is a great difference in the value of the various classes of 
organisms hm chronological purposes, the most useful ])eing those 
wliich have the most efficient means of very wide simultaneous 
dispersal Such are the peJagic organisms, which live at the sur- 
face of the open vsea and, either alive or dead, are carried for vast 
distances by the ocean currents. 

A gecigraphical distinction which should be emphasized is that 
oi facies, by which is meant the sum total of environmental con- 
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B'ig, 256, — East-west section through area given in Fig. 255, showing changes of 
facies. (Clarke) 


ditions, organic and inorganic. Deep or shallow water, salt water 
or fresh, muddy or sandy, or rocky bottom, are all differences of 
facies, and quite closely adjoining, strictly contemporaneous de- 
posits may display them. Different assemblages of contempora- 
neous fossils also constitute facial differences; thus we speak of 
the graptolilic, or the cephalopod facies of a geological division. 

A ].)ossible source of error in the inferences drawn from fossils 
lies in the incorporation of more ancient remains washed out of 
an older rock and embedded in a newer one. Figure 257 is a pho- 
tograph taken on the York River, Virginia, which shows fossil 
shells washed out of the bluffs and lying on the beach, where they 
are mingled with modern organic remains. 

Despite these limitations we find that, peaking broadly, the 
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order of succession in the appearance and extinction of the great 
groups of fossils is much the same for all parts of the earth, and we 
may confidently assume that the grander divisions of geological 
time are of world-wide significance. 

It will now be easy to understand why the fossils in two groups 
of unconformable strata are generally so radically different. It is 


Fossil shells (Miocene) lying on, a I'nodern beach, York River, Va. 
(Photograph by van Ingen) 


because of the long lapse of unrecorded time at that point, during 
which organic progress continued; when deposition was resumed, 
the animals and plants were all new, and so the change is abrupt. 
If one is reading a book from which a dozen chapters have been 
tom out, the change of subject will appear violently abrupt; to 
bridge over the gap one must find another copy of the book. 
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Likewise, to fill up the gap of a great unconformity, we must go to 
some region where deposition went on uninterruptedly, and there 
we may trace the gradual and steady change in the fossils. 

A geological chronology is constructed by carefully determining, 
first of ail, the order of superposition of the stratified rocks, and 
next by learning the fossils characteristic of each group of strata. 
To many it has seemed that this is reasoning in a circle, but 
that is because the argument is not fully stated, some of its steps 
being omitted. The order of succcssmi among the fossils is deter- 
mined from the order of superposition of the strata in which they 
occur. When that succession has been thus established, it may be 
employed as a general standard. 

Great physical events, such as the upheaval of mountain ranges, 
widespread transgressions of the sea and changes of climate, often 
give us a means of correlating the strata of different continents 
with greater precision than can be done with the aid of fossils only. 
The latter are, however, indispensable means of first determining 
which of these events are comparable in different regions. The 
history is recorded partly in the nature and structure of the rocks, 
partly in the fossils, and partly in the topographical forms of the 
land and the courses of the streams. By combining these differ- 
ent lines of evidence, local histories are constructed for each region, 
until from these the story of the whole continent may be compiled. 
The comparative study of the fossils then gives the clew for uniting 
the history of the different continents into the history of the earth. 
Much remains to be done before this great task can be accom- 
plished, but already we have an outline of the scheme which future 
investigations may fill up. 

It necessarily follows from the way in which sedimentary rocks 
are formed, and the local nature of upheavals and depressions of 
land, that in no single locality can the entire series of strata be 
observed, and that each region can display but a certain propor- 
tion of the whole record. The different parts of our continent 
are of vastly different geological dates, and even the same area 
may have been many times a land-surface, and as often a sea- 
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bottom. Uncon formilieSj more or less widespread, offer a natural 
and convenient mode of dividing the strata into groups, but the 
difficulty with this method is that the dates of elevation and de- 
pression so seldom correspond in different regions, that divisions 
thus made are apt to be of more or less local validity. The only 
standard yet devised wdiich is applicable to all the world is that 
founded upon the progress of life. 

The comparison between human history and geological history 
is one that has very often been made, but trite and hackneyed as 
it is, it is none the less instructive. The history of civilized na- 
tions is the record of continuous development, not without retro- 
gressions and periods of comparative stagnation, but having no 
actual gaps in it. For the sake of convenience, history is divided 
into certain periods in accordance with the predominance of cer- 
tain great ideas and principles, and these periods are real, repre- 
senting the salient facts in the progress of development. Each 
period is, however, but the outcome of the antecedent periods, 
and the ideas and principles which characterize it were slowly 
maturing, it may be through centuries, and even after other ideas 
have risen to predominance, older ones continue to live and influ- 
ence the world. For example, when we speak of the age of the 
French Revolution, we refer to a time when a certain set of politi- 
cal ideas and principles were the most striking and influential 
factors in the development of the civilized world, beginning with 
the visible changes of 1789 and ending with the restoration of the 
Bourbons in 1815. But the tremendous outbreak was slowly pre- 
paring throughout the eighteenth century; the conflagration was 
proportionate to the materials that had been gathered for it. Nor, 
on the other hand, could the effects of the great movement be 
undone by the return of the exiled king. To this day the whole 
civilized world feels the effects of the convulsion, and the entire 
course of the nineteenth century would have been different but 
for the French Revolution. 

Historians are careful to distinguish between events and the 
record of them. Events are continuous and bound up into a chain 
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of consequences, every one of which is dependent uptjn others 
while the records may be scanty, interrupted, confused, unin- 
telligible, even misleading and falsified, so that it is no easy task 
to write history accurately and without attributing undue im- 
portance to this or that principle or policy. 

These considerations fully apply to geological history; its divi- 
sions axe founded upon the I'ise and culmination of great groups 
of animals and plants, which one after another have risen to pre- 
dominance and then declined, their [ilace being taken by others 
better fitted fox the new conditions, -1 he.se successive culminations 
are not sudden, but gradual and continuous, and the beginnings 
of each gioup are to be found in times long before the period of 
its predominance. Nor is decline immediately followed by extinc- 
tion; one group .slowly gives way to another, but long after the 
first has ceased to be the principal fact in the world’s life, it xpay 
linger on in diminished importance until, perhaps, it finally disap- 
pears. The geological periods, therefore, like historical periods, 
had not definite beginnings and endings, for one slowly fades into 
another, but they are none the less actual because the lines of 
separation between them must often be somewhat arbitrarily 
drawn, and they cannot always be made to correspond in differ- 
ent regions. 

In geology, as in-history, we must distinguish between the events 
and the records of them. The more complete the records, the 
more obviously continuous and gradual was the course of events; 
only imperfect records can make the history seem broken and dis- 
jointed. As our science was first developed in western Eurojxe, 
where the great groups of strata are mostly separated by uncon- 
formities, with abrupt changes in the fossils, the older geologists 
very naturally concluded that the great divisions of geological time 
were marked by frightful catastrophes wliich devastated the earth, 
destroying every living thing upon it. Each group of rocks was 
looked upon as the product of a long and tranquil period, and its 
fossils were believed to represent an entirely new creation. Though 
opposed by some far-seeing minds, the doctrine of Cuiasirophism, 
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as it was called, long held sway, but was shown to be erroneous 
when the study of geology was carried to other parts of the world. 
Then it appeared that the supposed catastrophes, if they occurred 
at all, were not general, but local, and that records missing in 
Europe had been preserved, partially at least, in other continents. 
Enough of these missing records has been recovered to show that 
the earth’s progress was not by a series of abrupt and sudden 
changes, but by a continuous, orderly development. 

Major divisions of geological time Vlxc founded upon the more 
striking changes in the animals and plants, while for minor divi- 
sions the more detailed differences in the organisms are employed. 
Parallel with the divisions of time xMXi the groups or systems oi 
the strata, for charactering which both the physical nature and 
structure of the rocks and the fossils are employed. In the very 
difficult and complicated task of compiling the earth’s history, no 
kind of evidence can be ignored, and wide knowledge and sound 
judgment are needed in the work, so that no particular class of 
records shall be either over- or undervalued. 

Though the goal of geological inquiries is to construct the his- 
tory of the earth as a unit, this goal can be reached only by the 
minute and exhaustive study of the local histories. Each of the 
latter has certain peculiarities of its own which, must be deter- 
mined, and hence arises the multiplicity of local names for groups 
of strata, so confusing to the student. Local names are useful, 
because they avoid the necessity of premature correlations, which 
may lead to the direst mistakes. 

(2) As Evidence of Geographical Changes. — We have seen 
that from the composition and structure of the stratified rocks 
themselves much may be learned concerning the geographical 
conditions under which they were formed, and of the subsequent 
geographical changes of the region in which they occur. Fossils 
supplement this information regarding the body of water in which 
the rocks were laid down, whether fresh or salt, deep or shallow, 
. near or far from land, in an open sea or a closed basin, and whether 
such a closed basin had occasional or constant communication 
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with the ocean. ISIost of the htratilietl, rocks which now form j>art 
of the laiid-siirface give us informatian only co former 

extension of bodies of water over what is now the land, hut they can 
tell us nothing of the land areas which have disappeared Ijeaeath 
tht? sea. In this connection fossils are of great assistance, for, in 
certain instances, the distribution of marine fossils points to the 
ywesence of land barriers to migration which no longer exist, or 
to a continuity of coast-iines which are now broken u|>, wliile 
the fcjssils of land animals may demonstrate the former existence 
of land Imidges between regions wliich have long ]>een separated 
by water. Thus it may be shown that North America was fre* 
cjuently and for long jieriods of time connected with Asia across 
Bering Sea, and that its union witli South America is of geologi- 
cally late date. 

(3) As Evidence of CKmatic Changes. — The remarkable cli- 
matic changes through which various parts of the earth have 
jiassed are indicated by fossils. Indeed, with the exception of 
glacial marks and ice-formed deposits, fossils offer almost the 
only trustworthy evidence avail aliie as to changes of temperature. 
Thus, when we find in the rocks of Greenland the remains of ex- 
tensive forests of such trees as now grow in temperate latitudes, 
the only possible inference is that Greenland now has a far colder 
climate than when those forests existed. The same conclusion 
folk)Ws from the presence in the rucks of Wyoming and Idaho of 
great fialm leaves and otlier subtropical ]>lants associated with the 
bones of crocodiles and. other reptiles, such as live only in warm 
regions. In de|josits of a far later date occur bones of the rein- 
deer in soutlutm New England and in the south of France, walrus 
lames, in the sands of New Jersey, ami those of the musk-ox in 
Arkansas; all of which shows tba^ at one lime these regions had. a 
much colder climate than at present. 

The evidence as to climatic dianges whicli is presented by fos- 
sils must, however, be treated with great caution, because even 
nearly allied species often have entirely different habits, and 
Nourish in quite different climates. Most fossils belong to i^xtinct 
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speciesj as to whose climatic relations we have no knowledge. 
Before any conclusion concerning changes of climate can be re- 
garded as established, we should have the testimony of species 
still living, or, if that is not possible, tlie evidence must be drawn 
from large assemblages of different kinds of animals and plants, 
■ Such an extreme case as the fossil plants of Greenland is sufficient 
evidence without further corroboration. 

III. Classification of Geological Time 

The method of making the divisions and subdivisions of geo- 
logical time is not yet a fixed one, and there Is much difference 
in the usage of various writers. The names of the divisions also 
have been given at various times and in many lands, according to 
no particular system. Most of these names have been taken from 
the locality or district where the rocks in question were first 
studied or are most typically displayed ; as Devonian from Devon- 
shire, Jurassic from the Jura Mountains. Some are named from 
a characteristic or prevalent kind of rock, such as Cretaceous 
(Latin creta, chalk) and Carboniferous. Of late there has been a 
tendency toward a more uniform method of nomenclature, and 
to the use of one set of terms for the divisions of time, and an- 
other and corresponding set for the divisions of the strata. The 
grander divisions of time are called eras, and in descending order 
we have periods, epochs, and ages. The following table represents 
the divisions in the scale of time and the scale of rocks which have 
been adopted by the International Geological Congress. 


Time Scale 

Rock Scale 

Era 

Group 

Period 

System 

Epoch 

Series 

Age 

Stage 


Substage 


Zone 
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It will be observed that the subdivision is carried farther in the 
scale of rocks than in that of time, because of the generally local 
character of these minor subdivisions, 'Fhe names employed are, 
as yet, the same for both scales, and we speak of the Palaeozoic 
Era or Group, and of the Silurian Period or System. It has been 
proposed to give separate names to the divisions of the two scales, 
and this w^ould be an improvement in some respects. 


Tablk of Major GeoloCtIcal Divisions 


Fre-Cambriaii Eras 


f Quaternary Period 
{ Tertiary Period 
f Cretaa'oiis Period 
< J urassic Period 
(Triassic Period 
'Permian Peri<xl 
Garten if erous Period 
Devonian Period 
Silurian Period 
Ordovician Period 
.Cambrian Period 

{ Algonkian Period 
Archteaii Period 


■ Cenozolc Era. 

Mesozoic Era 


PalasDzoic Era 


CHAPTER XXV 


ORIGINAL CONDITION OF THE EARTH - 

PERIODS 


•PRE-CAMBRIAN 


As we trace the history of mankind back to very ancient times, 
we find that the records become more and more scanty and Jess 
mtelligible, until history fades into myth and tradition. Of a 
still earlier age we have not even a tradition; it is prehistoric. 
Similarly, among the geological records the earliest are in a 
state of such e.xcessive confusion that they are e.\-ceedingly diffi- 
cult to understand, and between different observers there are 
radical differences of opinion both as to the facts and as to their 
interpretation. Furthermore, there must have lieen an inconceiv- 
ably long time earlier than the most ancient recorded period.s, as 
to which conjecture and inference are the only resource. In these 
difficult straits astronomy offers valuable assistance to the baffled 
geologist. The Nebular Hypothesis is a scheme of the develoji- 
ment of the solar system which is very generally accepted by 
astronomers, m some form, as essentially true. 

is usually, though not with exact- 
n^, limited to one particular form, according to which the place 
present solar system was originally occupied by a vast 
roffitii% nebula, a mass of intensely heated vapour, or possibly 
clouds of meteorites, extending beyond the orbit of the outermost 
planet. As the nebula cooled by radiation, it contracted, leaving 
behind It successive rings, like those of the planet Saturn, but on 
a vastly larger scale. The rings kept up the rotation imparted by 
the nebula, and all of them lay in nearly the same plane. Unequal 
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contraction in various jiarts of each revolving ring caused it to 
break up and gather by mutual attraction into masses. If these 
rings were composed of relatively small solid masses, like meteorites, 
or if they had solidified by condeiisatkni of the vapours, the heat 
geiKTated by tlie collisions, as the broken ring was gathered Into 
a mass, would sufia.'e to raise the temi)erature and licjuefy or 
va|.K.)urjze the mass. By revolution the nebulous masses would 
assume a s]>heroidal shape and become ]>ianets. Th(^ central mass 
of tlie original nebula hiriris the sun, which is still in an intensely 
heated, incandescent state. 

Another ftn*m of the nebular hypothesis, callctl for the sake of 
distinction tlie Phinctesimal II ypothcsis^ has ret:ently been j^ro- 
pose<l by Professor Chamberlin. This postulates, as the begin- 
ning of the solar system, a spiral nelmla, and that the matter 
of this parent nebula was in a finely divided solid or Ii(|uid slate 
before aggregation. , . , It regards the knrAs of the nebula as the 
nuclei of the future ])Ianets, and the nebulous haze as matter to 
be added to these nuclei to form the planets. It assumes tliat 
b(}th the knots and the particles of the nebulous haze moved 
al)out the central mass in elliptical orbits of consideralile, but not 
excessive, et'centricity. ... It deduces a relatively slow growth 
of the earth, with a rising internal temperature develojied in the 
central parts and creeping outward.” (Chamberlin and Salis- 
bury.) 

This is not the place to discuss the evidence for an astronomical 
speculation, but it is clear that the hypothesis regarding the 
development of the solar .system whit:h we adojit must condition 
our views as to the early unrecorded stages of the earth’s hfet^ry. 
From the strictly geological standpoint the 
ence between die Nebular and the Planetesimal HypofSieife is 
lhafrac cordIn | r to the fb f nrer: the has p'^sied JB^ a 
gaseous anClherefure^TOi^it^i^ 

while the latter leadalaiJiejm u^ ,that 
sti idwfcom.jjfe.J?eginnj^ 

never formed a cmst of solidification. : , 
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THE PRE-CAMBRIAN PERIODS L ARCH^AN 

It is unfortunate that an account of historical geology should 
necessarily begin with the most difficult and obscure part of the 
whole subject, but the treatment must be in accordance with the 
chronological order, and the oldest rocks are the least intelligible. 
The ordinary criteria of the historical method, namely, the strati- 
graphical succession and the comparison of fossils, fail us here 
almost entirely, and the only way of correlating the rocks of dif- 
ferent regions and continents is by means of the characters of the 
rocks themselves. In the present state of knowledge, “ lithologi- 
cal similarity is not a safe guide. So many metamorphic rocks, 
once referred to the Archiean, have proved to be of much later 
date, that some cautious geologists, who have no confidence in 

litholo^cal similarities,” prefer not to use the term Archcean 
at all, but to employ local terms for the oldest crystalline rocks 
exposed in a given district.' 

The Archcean includes the most ancient rocks, often spoken of 
as the “ basement, or basal complex.” Its antiquity is best as- 
sured in regions where it is separated by thick series of sediment- 
ary or metamorphic rocks from the Lower Cambrian, which can 
be certainly identified by its fossils. The character and relations 
of the pre-Cambrian rocks difter so much in different areas that 
it will be best to describe them in two or three typical regions. In 
the Canadian provinces of Quebec and eastern Ontario and in the 
Adirondack Mountains, the oldest rocks are a series of intensely 
metamorphosed sediments, including great bodies of limestones, 
quartzites, schists, etc. In the Adirondacks, especially, this series 
is tovaded by enormous bodies of intrusives, which preceded and 
w^l^Wolved in a great period of metamorphism. In eastern 
Ontarid the thickness of the metamorphosed sedimentaries is 
exceedingly gi‘eat. Along its whole northern border this sedi- 
mentary series is torn to pieces by an enormous volume of gneissic 
granite of igneous origin which rises from beneath it, and which 
along its mardn also wells up through it in the form of great 
intrusive bathfliths.” Though underlying the metamorphosed 
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sediments of the C>€m;f7/e.scrfe, the sneissic granite, or Laumtiianf 
is the younger, as the contact is an intrusive one. 

In the region around Lake Superior the pre-Cambrian rocks 
are displayed in enormous thickness and are divided Into ^oups 
l>y four great unconformities. Of these the most ancient is the Kee- 
watin^ intensely metamorphosed rocks derived from the transfor- 
mationof lava flows, tuffs, and other volcanic rocks, with some of 
sedimentary origin, and forming a great series of schists, which 
are iimlerlaid and penetrated ].)y the I^aurtuPian gneissic granites. 
It immediately suggests itself that the (Irenville series of the east 
is the equivalent of the Lake Superior Kcewatin, but the com- 
mittee of the Canadian and United States Geological Surveys, 
which has investigated these problems, report that they consider 
it inadvisable in the present state of our knowledge to attempt 
any correlation of the Grenville series with the Huronian or 
Keewatin.’^ The classification proposed by the t:ommittee is con- 
tained in the subjoined table, though emphasis must again be laid 
upon the fact that no equivalence between the Grenville and 
the Keewatin is asserted. They may be separated by vast periods 
of time, and yet both must be older than the intrusion of the 
Laurentian granites. 
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Lake Superior Region 

;'Kew€enawan' 

Umonformity 
f Upper 

Umonformity 
Huronian Middle 

UnconformUy 
^ Lower 
UnconformUy 
Keewatin 
Intrusive contact 
Laurentian 


Eastern Region 


Grenville series 
Intrusive contact 
Laurentian 


N.B. — In the classification adopted in this book the Archajan comprises 
the Keewatin and Laurentian and probably also the Grenville series. 
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The Arctean then, is composed of completely crystalline rocks 
ofj^rious Massive rocks, vsuch as gfanjSTan^^ erup- 

lives, and foliated rocks, like gneissoid granite, gneiss, many 
varieties of schists, are intermingled in the most intricate way, 
a characteristic well expressed in the oft-used phrase of the basal 
or fundamental complex for the Archajan. The component 
mineral particles show plainly the intense dynamic metamor- 
phism to which they have been subjected, in their extremely com-, 
plex arrangement and in their laminated and crushed condition. 
The rocks thus referred to the Archman are not necessarily all of 
the same age, but they arc all of vast antiquity and older than any 
other known series. They are of very great but unknown thick- 
ness, for the bottom of them is nowhere to be seen, and even 
when thrown up into mountain ranges, erosion has in no case cut 
so deeply into these rocks as to expose anything different below' 
them. 

The reason for uniting these rocks into one group is not 
merely their likeness in composition, which is not a sufficient 
criterion, but because of their unique and uniformly complex 
structure, their resemblance to one another and difference 
from any other group of rocks, and their invariably funda- 
mental position. 

The Distribution of the Archsean Rocks. — At the outset of our 
historical studies it is essential to understand clearly, just what is 
m^pt by the term distribution gj a given formatioj^. It means: 
(i) thartlie "g weii fockis at the surface, oyer a certaiii«JXi&a,..dis- 
re garSng't lie covering,., of soil, (frift, or -other louse, materials; ( 2 ) 
that the conceaied^tension^oyhpJpxm.atipn.fe^ 
may 50*^236517 infeed frpm.surfaqe .obseryations. So far as 
ArcKan iocks are concerned, their surface distribution can 
at present be stated only with much reserve, for they often grade 
into crystalline schists of demonstrably later date, and much that 
once was referred to the Archaean is now known to be far more 
recent. Accurately to determine the distribution of the basal 
complex will require the most extensive, minute, and laborious 



Map of known pre-Canibrian surface exposures in North America. 
The black areas are outcrops 
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investigation. The northern part of North America, from the 
Arctic Ocean to the Great Lakes, probably including Greenland, 
is made up of an immense area of schistose rocks, estimated at 
more than 2,000,000 square miles in extent. Over this vast region 
occur numerous areas of Archaean rocks, but it is not yet possible 
to say how much of it belongs in that groujp and how much is 
newer. 

Beside this principal region are several other minor ones. A 
narrow band of schistose rocks extends, with some interruptions, 
from Newfoundland to Alal^ama, with shorter parallel belts in 
eastern Canada and New England. Another great axis is on the 
pte of the Rocky Mountain chain, wdth several shorter and gen- 
erally parallel belts from Mexico to Alaska. Isolated areas occur 
in Missouri, central Texas, New Mexico, and Arizona. In all of 
these regions are found rocks like the typical Archaean, W’^hich stand 
in the same relation to the newer groups, but how much should be 
referred to the oldest series is still a question. 

In the other continents occur great areas of very ancient gneisses 
and crystalline schists, but even less than in North America 
has the distinction been made between the fundamental com- 
plex and newer groups. In the following statements no attempt 
is made to determine how much of the areas mentioned is properly 
Archaean. 

In Europe the principal area lies to the north, covering parts of 
Ireland and the Highlands of Scotland, with which was probably 
once connected the great continuous mass of Scandinavia, Finland, 
and Lapland. Considerable areas also occur in central and south- 
ern Europe, as the central plateau of France, parts of Gennany 
and Bohemia, and long, narrow belts in the Pyrenees, Alps, and 
Balkans. In Asia these ancient crystalline rocks are found in the 
great mountain ranges, such as the Himalayas, Altai, etc. They 
make up a large part of the Indian peninsula, and are extensively 
displayed in China, Japan, and the islands of the Malay Archi- 
pelago. The vast central plateau which occupies so much of 
Affka is principally composed of these rocks, which are also 
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largely exposed in AiistraliiL In South America similar rocks 
appear in the highlands of Brazil and in the Andes. 

It is estimated that the Archtiean rocks form somewhat more 
than one-fifth of of the earth, and there is reason 

to believe that they are actually universal and that a boring made 
at any point, if sufiiciently deep, would encounter them. They 
are found at the bottom of many deep canons, and borings fre- 
quently ].)enclrate them at points where there are no surface indi- 
cations of their presence. If these rocks are really distributed 
over the entire globe, they are the only formation of whicli this is 
true.: 

Origin of the Archaean Rocks. — 'I'his is a problem which has/ 
given rise to a great deal of discussion, but a solution appears to be 
near. Independently, in many countries, observers have reached 
the conclusion that these rocks are divisible into two great series, 
a schist series composed chiefly of highly metamorphosed sedi- 
mentary and volcanic rocks, and a gneissoid granite series, which 
is intrusive and later than the former. 

Assuming that this conclusion is true, at least as a working 
hypothesis, it involves certain curious consequences. Surface 
lava flows and volcanic tuffs, and still more, sedimentary rocks, 
necessarily imply a solid floor upon wdiich they were laid down, 
but of this floor not a trace has anywhere been found. The 
question immediately arises, what has become of it ? No answer 
to this question can yet be given, but apparently the most likely 
suggestion is that the ascending floods of molten magma, which 
gave rise to the gneissoid granites, must have melted and assimi- 
lated it. If this were only a local phenomenon, there would be 
nothing very surprising about it, but it would seem to be true of the 
entire globe, and this is a startling conclusion. We are then to 
suppose that a solid crust, however formed, was for a very long time 
sufiiciently rigid and stable to allow a great thickness of sedimen- 
tary and volcanic rocks to be accumulated upon it and then was 
ingulfed and destroyed by a universally ascending magma, though 
it is not necessary to suppose that this took place simultaneously 
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over the whole earth, or even within a relatively short period of 
time ; it may have required ages in the acGomplishment. Further- 
it must not be forgotten that remnants of the floor may yet 
Bl'm^covered in little-known regions. If this complete and univer- 
,^^l^similation actually took place, it is an absolutely unique phe- 
in the recorded history of the earth, though something 
m* or less similar may have happened many times before that 
record began. 

Many other hypotheses liavc been propounded to account for the 
origin of the Arcluran rocks, but as they are not supported by any 
strong evidence, it is not worth while to consider them here; several 
of them have been formally abandoned by their authors. 

.. -.'That the oldest known rocks were not the first to be formed is 
manifest from the derivative nature of many of them, for sedi- 
" ments necessarily imply some preexisting rock to furnish the 
materials, and volcanic outbursts involve a solid surface through 
which they break. r 

From the extreme degree of dynamic and thermal metamor- 
,, phiam which the Archaean rocks have undergone, we should not 
e^^ect to find any recogiiiisable fossils in them. On the other 
i hand,; there are indirect evidences that life was already present on 
,, i; the earth at that period. The limestones, iron ores, and graphite 
found in these rocks appear to have been organically accumulated, 
‘ blit it is possible that they were chemically formed, and so the 
while probable, is not altogether conclusive. 

II. ALGOHKIAN 

is the name proposed by the United States Geological 
Survey for the great series of sedimentary and metamorphic 
which lie between the basal Archjean complex and the oldest 
‘ strata; it is but little used outside of this country and 

. not universally employed even here, but it is beginning to make 
its way in Europe, and serves a useful, though possibly a temporary, 
V /purpose. While it is possible, though not very likely, that more 
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advaiK'ed knowledge may lead m to distribute these rocks partly 
into the Arch (can and partly into the PaL'eozoic, yet for the present, 
at least, it is better to form a separate grand division for them. 

The Algonkian rocks, which are widely distributed in North Amer- 
i('a, form an immensely thick mass of strata and of metamorphic 
rocks which are believed to represent those strata in other regions. 
These metamorphic rocks were long generally referred to as the 
Huronian, which was regarded as the ut>]»er portion of thex'\rchaan, 
but, so far as can be learned, they oct:u]>y the same slratigraphical 
position as certain little changed sediments, between the funda- 
mental com[)}ex l.)elow and the Cambrian al)ove. At the base of 
the magnilic'cnt section exposed in the. Grand Canon <»f liic Colorado 
is a very thick mass of strata, separated l^y great unconformit|^^, 
from the Archiean gneiss below and fn)m the overlying Cambrian* 
This mass is again subdivided by minor unconformities into three 
series. The lower series, at least looo feet thick, and perhaps more, 
is made up of stratified quartzites and semi-crystalline schists, cut 
by intrusive granite. Above this come nearly 7000 feet of sand- 
stones, with included lava sheets, and at the top more than 5000 
feet of shales and limestones, in which a few fossils have been 
The two upper series are not at all metamorphic. All these ^ 
are steeply inclined, and upon their truncated edges re| 
sandstone referred by Mr. Walcott to the Middle Cambria^.^^1’* 

' Tn central Montana iS: a very extensive' exposure: ■■ of AlgohpiaSM| 
rocks, 12,000 feet thick, composed of immense bodies of sandstones, 
quartzites, limestones, and hard arenaceous shales. The'levbcds, , 
called the Belt series, are upturned in the Belt Mountains, aiid un- 
conformably overlaid by a Middle Cambrian sandstone, “ In 
late Algonkian times an orographic movement raised the in- 
durated sediments of the Belt terrane above sea-level, . . . [andj,.,.; 
folding of the Belt rocks formed ridges of considerable elev^||lh',i'' 
and areal [aerial] erosion and the Cambrian sea cut away in - 
places from 3000 to 4000 feet of the up])er formations of the Belt 
terrane before the sands that now form the 
sandstones were deposited, (Walcott.) ^ ^ ;t '.ll'JL 
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A very similar succession of rocks to that of the Grand Canon 
is found in the Lake Superior region, intervening between the 
Archaean complex and the Upper Cambrian, from both of which 
they are separated by great unconformities. As in the Grand 
Canon section, these rocks are divisible into four series by un- 
conformities. The lower two series, with a maximum thickness 
probably exceeding 5000 feet, are much crumpled, metamorphosed, 
and semi-crystalline. They comprise limestones, quartzites, mica 
schists, etc., cut by igneous dykes, also much volcanic tuff and 
.agglomerate. Next follows a series of 12,000 feet of less intensely 
folded but still metamorphic rocks, quartzites, shales, slates, mica 
5chists, with dykes and inlcrbedded sheets of diorite. A few 
fossils have been found in the quartzites of this aeries. The 
, fourth, series has a maximum thickness of/56,63>feet, though 
usually much less. The lower part of this series is formed by thick 
lava sheets, interbedded with sandstone and conglomerate, and 
above is a mass of sedimentary rocks largely derived from the 
volcanic materials. This uppermost series is by some authorities 
referred to the Cambrian, but, in the absence of fossils, there seems 
to be no way of definitely deciding the question. 

Over the great Archaean area of Canada occur many districts 
of metamorphic rocks which are plainly of sedimentary origin, 
such as crystalline limestones, schistose conglomerates, as ivell 
as volcanic tuffs and agglomerates. In the Arcluean region of 
Canada and in New England the Algonkian metamorphics seem, 
tp grade into the Archman complex without unconformity. This 
apparent conformity may, however, very well be due to subse- 
quent dynamic metamorphism, which, as has been proved, may 
obliterate nearly all traces of a great unconformity. Through the 
;^kocky Mountain region and the Pacific coast mountains, the 
]':Archsean is in very many places overlaid by great thicknesses of 
( metamorphic Algonkian rocks, such as quartzites, sandstones, and 
, schists, which are sometimes as much as 12,000 feet thick, as in the 
..Wasatch and Uinta mountains. Other isolated areas are found, 

■ as in the Black Hills, where a great mass of schists, slates, and 
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quartzites is separated by a very marked unconformity from the 
overlying Cambrian ; also in Missouri and Texas. The Algonkiaii 
rocks of the West have not been subjected to such extreme folding 
as have most of those of the East, and hence their distinctness from 
the Arcluean is more clearly marked. In the southern Appa- 
lachians are some little changed strata winch are referred to the 
Algonkian. 

In other continents the distinction between the Arcluean and the 
Algonkian is beginning to demand recognition. In Great Britain, 
for instance, are found very interesting parallels with the Algonkian 
of this country. In Scotland tlie Ikjrridon sandstones, 8000 to 
10,000 feet thick, which an? nearly horizontal and almost un- 
changed, lie unconformably l)etween tlie oldest Cambrian and the 
basal Arcluean; and in other areas, metamorphic rocks of sedi- 
mentary origin occupy a similar position. In Finland and Sweden 
10,000 feet of sedimentary and igneous rocks and schists occur 
between the Archaean and the Cambrian. Many of the crystalline 
schists of the European pre-Cambrian areas appear to correspond 
in character and position to the metamorphic Aigcmkian. 

Lately the surprising announcement has been made of exten- 
sive glaciation in the early Algonkian of North America The 
conglomerate at the base of the Lower Huronian of Canada is 
regarded as of glacial origin, “ since it contains angular and sub- 
angular boulders of all sizes up to cubic yards, enclosed in an 
unstratllied matrix. These boulders are often miles from any 
possible source. Recently, striated stones liave been broken out 
of their matrix in the Lower Huronian of the Cobalt Silver region, 
giving still stronger |>roofs that the formaticjn is ancient boulder 
day.” (Coleman.) 

In South Africa we find clear evidence of three distinct ice ages, 
before the dose of the Palaeozoic Ivra, and the most ancient of these, 
which cannot be definitely dated, may correspond in time to that 
above-mentioned in Canada. 

Life in the Algonkian. — In the Grand Canon and Montana 
determinable fossils have been found in the less changed sedi- 
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twents, but they are too few and scanty to tell us much of the life 
of the times. Evidences of life are not wanting in the metamor' 
phic rocks of the eastern and northern regions, but they are in- 
direct. The strata of crystallized limestone are indications of the 
presence of animal life in the Algonkian seas. The great quantities 
of graphite diffused through many of the schists, and the beds of 
iron ore likewise tend to show the existence of plants at the same 
time. More conclusive are the determinable fossils ol^tained in 
the Belt series of Montana and in the Grand Canon series, which 
include the tracks of worms, bz'achiopods, and fragments of large 
Crustacea referable to the Eurypterida. Such remains imply a 
long antecedent history of life, the records of which remain to be 
discovered. 

The pre-Cambrian rocks are remarkable for their wealth of 
valuable minerals. Immense accumulations of iron ore occur in 
Canada, New York, New Jersey, along the Appalachians from 
Virginia to Georgia, in Michigan, the Lake Superior region, Mis- 
souri, and the Southwest. The great copper mines of Lake 
Superior are associated with igneous rocks which intersect sand- 
stones referred to the Algonkian. 

It will be obvious to the student how very little is really known 
regarding the most ancient rocks of the earth’s crust, the Archaean. 
They are enormously thick metamorphic masses of vast geograph- 
ical extent. In ail the continents they form the foundation upon 
which the oldest fossiliferous sediments were laid down, and, in 
brief, they are the oldest, the thickest, the most widely distributed 
and the most important of all the accessible constituents of the 
earth’s crust. Their uniform character, wherever found, the 
extreme plication and metamorphism which they have undergone, 
and their world-wide distribution, are all extremely remarkable 
features, such as recur in rocks of no other age. The Algonkian 
sedimentary rocks present the earliest chapters in the recorded 
history of life. The pre-Cambrian rocks indicate that vast periods 
of time had elapsed before the clearly recorded part of the earth’s \ 
history began, a time probably longer than all subsequent periods, 1 




CHAPTER XXVI " 

PALEOZOIC ERA --- CAMBEIAF PERIOD 

The Palaeozoic i\s tlK oldest of the three main groups into which 
the normal fossiliferuus strata are divided; it forms the iirst 
legible volume of the earth ’s history, and in inter]}retiiig it sjjccu- 
iallon and hypothesis play a much less prominent part than in the 
pre-Cambrian A^olume. The Palreozoic rocks are conglomerates, 
sandstones, shales, and limestones, with quite extensive areas of 
metamorphic rocks, and a>ssociated igneous masses, both volcanic 
and plutonic. The thicktiess of these rocks is ^^ery great, estimated 
in Europe at a maximum of 100,000 feet. This does not imply 
that such a thickness is found in any one place, but that if the maxi- 
mum thicknesses of each of the subordinate divisions be added 
together, they will amount to that sum. In this cuunti*}'' more 
til an 25,000 feet of Paheozoic strata are exposed in the much 
folded and profoundly denuded Ajipalachian Mountains, but in 
the Mississippi valley they attain only a fraction of that thickness. 
These rocks are, in the vast majority of cases, of marine origin, 
but some fresh-waler beds are known, and very extensive swamp 
and ri^'er deposits have preserved a record of much of the land 
life of the era, especially of its later portions. That there must 
have !,)c?en land-.surfaces is abundantly shtjwn by the immense 
ihic.kness and extent of the strata, all of which were {lerived from 
the waste of the land. Both in Europe and in North America, the 
land areas were jirevailingly toward the north, and are doubtless 
indicated, in part, liy the great regions of the jire-Cambrian meta- 
morphic rocks. The general character of the Paheozoic beds 
shows that they were, in large measure, laid clown in shallow water 
in the neighbourhood of land. Their great thickness indicates, 
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further, the enormous denudation which the land areas under- 
went, The calculation has not been made for this country, hut 
for Great Britain Geikie states that the lower half of the Pakeo- 
zoic group represents the waste of a plateau larger than Spain and 
5000 feet high, cut down to base-level. 

Very widespread disturbances of the earth’s crust before tlie 
beginning of the Pakeozoic era and at its close have produced well- 
nigh universal unconformities with both the underlying pre- 
Cambrian and the overlying Mesozoic rocks; at only a few points 
are transitional seriCvS found. 

Early in Pakeozoic time were established the main geographical 
outlines which dominated the growth of the North American 
continent, — a growth which was, for the most part, steady and 
tranquil. These conditions may be briefly stated as the forma- 
tion of a great interior continental sea, divided from the Atlantic 
and the Pacific by more or less extensive and variable land areas. 
There are thus three principal regions of continental develop- 
ment: those of the Atlantic and Pacific borders and the interior. 
In addition, the eastern border is subdivided by pre-Cambrian 
ridges into subordinate areas of deposition. At the present time 
the surface rocks over the eastern half of the continent are pre- 
vailingly Palaeozoic, extending chiefly southward and south- 
eastward from the great pre-Cambrian mass of the north. 

Palaeozoic time was of vast length, perhaps exceeding that of 
the combined Mesozoic and Cenozoic eras. 

The subdivisions of the Pakeozoic are very clearly marked, 
locally often by unconformities, but on a wide scale by the changes 
in the character of the fossils. There is some difference in the 
practice concerning these divisions, not as to their limits or order 
of succession, but merely as to their rank, whether certain ones 
should be called systems (periods) or series (epochs). This is 
a difference more about names tlian facts. The successive steps 
of organic an^^geographicai development are best displayed by 
►Up into six systems, or periods, which are as fol- 
ig with the oldest: i. Cambrian; 2. Ordovicianj 


begp: 

" 


.a"' 




PAL/EOZOIC LIFE 


S 47 


3, Silurian; 4. Devonian; 5. Carboniferous; 6. Permian. By 
many geologists the Ordovician and Silurian are comprised in 
one system, and the Carboniferous and Permian in another; 
but the present tendency is in favour of maintaining all six as 
equal in rank. It must not be supposed tliat these systems 
represent equal spaces of time as measured by the thickness of 
rocks, or equal geographical extent; on the contrary, they are 
very unequal in both these respects. The classification means 
lhai. the six systems, or periods, stand for approximately equiva- 
lent clianges in the character of llie animals and ])lants. 

Palaeozoic Life possesses an individuality not less distinctly 
marked tlian that of llie group of strata, which demarcates it 
very sliar|)ly from the life of succeeding periods, and gives a cer- 
tain unity of character to the successive assemblages of plants 
(floras) imd of animals The era is remarkable both 

for what it possesses and what it lacks. Among plants, the vege- 
tation is made up principally of Cryptogams, seaweeds, ferns, 
dub-mosses, and horsetails. Especially characteristic are the 
gigantic, tree-like club-mosses and horsetails, which are now 
represented only by very small, herbaceous forms. The only 
flowering plants known are the Gymnosperms, the Cycads, and 
their allies; no Angiosperms have been discovered. Palaeozoic 
forests must have been singularly gloomy and monotonous, lack- 
ing entirely the bright flowers and changing foliage of later periods. 

The Palmozoic fauna is largely made up of marine inverte- 
brates, in the earlier periods entirely so; Le, so far as we have yet 
learned, liiough land life surely began before the oldest records 
of il yet discovered. Graptolites and Hydroid Corals, true Corals, 
Kchinoderms (especially Crinoids, Cystidcans, and Blastoids), 
long-hinged and hingeless Brachiopods, Mollusca (particularly 
the Nautiloid Cephalopods), and the crustacean groups of Trilo- 
bites and Eurypterida are the most abundant %nd character- 
istic types of animal life. Insects, centipedes, and spiders were 
common toward the end of the era. Cambilan rocks con- 
tain no fossil vertebrates, but they make their appearance in 
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the Ordovician. For long ages the only vertebrates were 
fishes and certain low types allied to the fishes, but at the end 
of the Devonian and in the Carboniferous appeared the Am- 
phibia, followed in the Permian by true Reptiles. Teleosts, 
such as make up by far the largest part of the modern fish-fauna, 
both marine and fresh-water, as well as birds and mammals, are 
entirely absent from the Palieozpic. 

The overwhelming majority of Palaeozoic species, and even 
genera, fail to pass over into the Mesozoic, and even in the larger 
groups which continued to flourish almost always a more or less 
complete change of structure occurs, so that PahTOZoic corals, 
Echinoderms, and fishes, for example, are very markedly distinct 
from those which succeeded them. The difference is generally 
in the direction of greater primitiveness of structure in the older 
forms, Palaeozoic types standing in somewhat the same relation 
to subsequent types as the embryo does to the adult. 

In the vast periods of time included in the Palaeozoic era 
occurred some remarkable climatic vicissitudes, which will be 
more fully described in the succeeding sections. Times of wide- 
spread glaciation occurred in the Lower Cambrian of Norway 
and China, probably of Australia, and perhaps also of South 
Africa; in the Devonian of South Africa, and in the Permian of 
the latter region, India, Australia, and South America, perhaps 
also in Europe and North America, 

For most of the era, however, the climate appears to have 
been mild and equable on the whole, very much the same kinds 
of animals and plants occurring in high as in low latitudes. In 
short, we can detect no evidence of climatic zones as being dis- 
tinctly marked in those periods. 


THE CAMBRIAN PE^ 

,4; The rocks older than the coal measures were for a long time 
heaped indiscriminately together, under the name of Greywacke, 
or Transition Rocks, and were little regarded by geologists. 
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About 1831/ the problem of these ancients rocks was attacked 
by two eminent English geologistSj Sedgwick and Murchison, 
who soon brought order out of the chaos, There was much dis> 
ctission and dispute as to the limits of the systems into which 
the Greywacke should be divided, and as to the naim^s which 
should l)e given to them. The oldest fossiliferous strata were 
})y Sedgwick called Cambrian (from tlie Latin name f<jr Wales), 
!>iit were included by Murchison in his ^Lovver Silurian. I'he 
latter example was long followed by most geologists, but tlie 
advance of knowledge has fully vindicated tlie claim of the Cum- 
brian to rank as a distinct system. I'he divisions of the Amtancnn 
Gamlvrian are as follcn — 

3. Upper Cambrian, Saratogan Epoch, Dikellorephalus 
Fauna. 

2. Middle Cambrian, Acadian Epoch, Paradoxides P'auna. 

I. Lower Cambrian, Georgian Epoch, Olenellus P'auna. 

American. — In North America, Cambrian rocks are not ex- 
posed at the surface over large areas, being, for the most part, 
deeply buried under later sediments; their maximum thickness, 
so far as known, does not exceed 12,000 feet. While not forming 
extensive areas of the present surface, Cambrian strata are very 
widely distributed over the continent, usually resting uncom- 
formaljly upon the plicated and metamorphosed rocks of the 
Archaean and Algonkian, These strata are found in the pre- 
Cambrian depressions, from the Adirondacks to Newfoundland, 
and along the Bank of the Appalachian uplift, from the St. Law- 
rence to Alalaima. They also fringe An'hican or Algonkian 
areas in other regions, as in Wisconsin, Missouri, Texas, in the 
Rocky Mountain chain, from ('olorado to British Columbia, and 
in the mountains of Nevada. Cambrian beds are exposed in the 
Colorado Cafam, and doubtless would be found throughout the 
larger part of the continent were the overlying beds stripped 
away. 

So far as they are accessible to observation, the Cambrian rocks 
are chiefly such as are laid down in shallow water near shore, 
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conglomerates, sandstones, shales, which are ripple-marked in 
a way that betrays their shoal-water origin. There are also some 
areas of deeper water accumulations, found in the thick lime- 
stones of western Vermont, the Appalachian Mountains, Nevada, 
and British Columbia. Very little igneous rock is found in the 
Cambrian of North America. Small intrusions occur in New- 
foundland and New England, and quite considerable ones in 
British Columbia, but some of these may be long post-Cambrian 
in date. 


Fig, 259, — Map of known Cambrian outcrops in the United States and Canada 


As is indicated by the geographical distribution of the fossils, 
North America was, in the Cambrian period, divided into two 
provinces of very unequal size and faunally very different. The 
^ : ■ Atlantic province, com.prising Newfoundland, New Brunswick, 

;■ ;V Nova Scotia, and New England, shows so close a connection 

f: with Europe as to justify the inference that in high latitudes a 

^ land bridge spanned the Atlantic, or at least that a chain of 

‘ idands and shoals permitted the migration of shore-loving marine 
' animals from one continent to the other. All the rest of North 
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America belongs to the province, though there are mnny 

local faunas within that vast area. 

During C.ainbrian times the sea was slowly advancing over the 
land in North America, and the geography of the continent was 
very different at the close of the perioci from what it had been at 
the beginning. In the Lower Cambrian the land ureas are in- 
ferred to liavc been somewhat as follows: Inrst, tliere was the 
great northern mass of crystalline Archiean and Algonkian rocks, 
but this was probably much more extensive than the ]>resent 
ex|'M>sures of pre-Cainlwian rocks would indicate. It prcjbably 
covered the whole Missi^^sippi valley down to 30'^ N. lat. and 
extended westward beyond the Rocky Mountains. Long, narrow 
stn].>s of land, alternating with narrow sounds, occupied part 
of New England and the maritime pro\’inc(.\s of ('an ad a, while an 
Appalachian land, whose western line is marked by the present 
Blue Ridge, extended eastward an unknown distance into the 
Atlantic. On the ivcstern shore of the Appalachian land was a 
narrow arm of the sea, which opened south and nearly separated 
this land area from the great mass of the continent. During the 
Lower and Middle Cambrian, this long and narrow bay or sound 
must have been closed, or only occasionally and partially opened, 
at the northern end. In later Cambrian times it was perhaps 
open. The site of the Sierra Nevada was occupied by a long, 
narrow land, running from Puget Sound to Mexico, and another 
such area was found in eastern British Columbia. The Great 
Basin region w\as under water. Around these shores were laid 
down the coarser deposits of the I-ower Cambrian, with great 
masses of shales and thick limestones in deeper water. 

Middle Cambrian sediments have (|uile a similar distribution 
to those of the Lower, but tlie sea was slowly advancing over the 
continent from the south. Nothing is known of the condition 
of Central America and Mexico at this time, but from Arizona 
eastward to Alabama the land was submerged. This trans- 
gression of the sea continued, and reached its maximum in the ■ 
Upper Cambrian. Toward the close of the period a large part 
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of the continent had been submerged and, in particular, a vast 
interior sea had been established over the Mississippi Valley. 

The Cambrian of Other Continents. — In Europe tlie Caml^rian 
is very extensively developed, with remarkable differences of 
thickness in different regions. The maximum thickness occurs 
on the western side of the continent in Wales and Spain. In 
Wale.s are 20,000 feet of conglomerates, sandstones, shales, slates, 
and volcanic rocks, while in southern Sweden and northwestern 
Russia the entire period is represented by only 400 feet of beds. 
Much of the Welsh Cambrian is regarded by Professor Penck as 
being of continental origin, with occasional incursions of the sea. 
The Lower Cambrian appears to be limited to the north of Europe, 
while the Middle Camlman witnessed the widest transgression of 
the sea, beds of tliis date occurring in Prance, Germany, Bohemia, 
Spain, and Sardinia. The Middle Cumbrian is characterized by 
the Trilobite genus Paradoxides (Plate 111 , Fig. 6) which is very 
common in Europe and in the Atlantic province of North America, 
but is not found in other parts of the latter continent. The Upper 
division, like the Lower, is restricted to northern Europe, so that 
there w^as extensive submergence in the Middle Cambrian, but 
a withdrawal of the sea before the beginning of the later portion 
of the period. This is in decided contrast to the geographical 
changes of North America, where the most widespread extension 
of the sea took place in the Upper Cambrian, In Russia the 
Cambrian sediments are remarkal^le for their unconsolidated 
condition; some of them look as though just abandoned by the 
sea. 

In Norway, 70® N. lat., have been found glacial deposits 
which are either basal Cambrian or late Algonkian. “ The con- 
glomerate in some places is seen to be formed of old moraines. . . . 
The stones have not the habitus of water-worn rolling stones, but of 
ice-worn stones. On some of the dolomite ones clear glacial strite 
were observed. ... At one place plain glacial striae have been 
found upon the surface of the hard sandstone under a mass of 
conglomerate.’' (Reusch.) 


CAMBRIAN LIFE 


553 


(Cambrian rocks cover great; areas in eastern Asia, northern 
Siberia, Korea, and China. In China these strata, which are 
but little disturbed, attain the great lliickness of 20,000 feet, and 
consist predominantly of sandstones and limestones. In the 
lower part are 170 feet of boulder clay of evidently glacial origin. 
‘‘On the Yangtse River, in 31*=* lat., ix. as far south as New 
Orleans, not high above sea-levcl, a large body of glacial 
material was discovered. ... It demonstrates the existence of 
glacial conditions in a very low latitude in the early Pala^ozoic.^’ 
(Willis.) 

Cambrian also occurs in northern India, but none has yet been 
identified in Africa. It is found in the south of Australia and 
in Tasmania, apparently belcmging to all three of the divisions. 
Evidences of glacial action have Ijeen deserved in the Australian 
Cambrian, showing that this climatic change was not local but 
very widespread, especially as the earliest of the South African 
ice ages, mentioned under the Algonkian, may have been early 
Cambrian in date. . 

In South America, Cambrian has as yet been found only in 
the northern part of Argentina; it is apparently referable to the 
Middle division. 

Cambrian Life 

The Cambrian fauna is of extraordinary interest, because it is 
the most ancient that we know with any fulness, though, of course, 
it does not represent the beginnings of life. Almost all the great 
types of invertebrates are already present and very definitely 
characterized, indicating that life had been differentiating for 
a vast period before the lowest Cambrian rocks had been laid 
down. As compared with the faunas of other PaLx‘Ozoic periods, 
that of the Cambrian is very scanty, but our knowledge of it b|LS 
been greatly increased of late and may be expected to increase 
in the future. 

Though the successive Cambrian faunas have a very uniform 
distribution over wide areas, there are already indications of 


554 


PAL/EOZOIC ERA 


local differences which mark out faunal provinces; thus, the 
Lower and Middle Cambrian fossils of Newfoundland are more 


similar to those of Europe than to those of the Appalachian and 



X^LATE, L— dAMaRIAN FOSSIES 


Fk. I, Orhulina nniversa LairiM X ta. Xj. C, a, GIoMgcrina. camhrica Matthew, X s, 
L, C 3, Le;^tomUm s/V/.?// Walcott,' x L. C, 4, Spicule of Proiaspongiaf x L. C. 
5, Ctim&cograptus emmonsi Wale., X L C. 6 , D lety&neina fiabelliforme Eichwald, 
X ^ 4 * U- C. 'it Art'ka-ocyathdlus rensselaricns Ford, X Va? I-'* Archtweyaihus 

prq;undu$ Killings, x C. 9, Eofystitn hugidaciylus Wale,, M. C. 10, Lingitkpis 
Owen.x I, IJ. C, Linaruonia Arcow/fur Walc.,x 4, L.C Kutorgina 

Billings, X ^ 4 * X^. C. PrdctrikU hillingcsi xx, M,C. 14, Camera- 

dlddniiquata Bill., X r, l». C. xs, PordiUa troyensis Bamnde, x V3, L C, x6, Rhapht* 
attUborenus S. and X\ X 17, rugosa liall, X a, L, C. x8, Hyoit- 

:iheiipriftciPsm\Ux%,UC. 


interior regions of America. A fauna of similar date but different 
f agios occurs in Alabama, and farther north in the Appalachians, 
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Of Plants nothing is surely known; certain marks on the bed 
ding-planes of strata have been regarded as seaweeds, but they are 
too obscure for determination, and many are worm tracks. 

The fauna is principally made up of Brachiopods and Trilo- 
bites, but many other types are represented also. 

Foraminifera very like those of the modern seas (Plate I, 
Figs. I, 2) are found even in the Lower Cambrian. 

Spongida. — Siliceous Sponges are not uncommon. 

Ccelenterata. — The Hydrozoa are represented by the Craplo- 
liteSj a series of forms which are confined to the older Pa- 
keozoic rocks. Dictyonema (I, 6) is a complex Graptolite, 
found abundantly in a thin band of shale near the top of the 
Upper Cambrian, which is of nearly world-wide distribution. 
It shows the great value of the organisms which live at the surface 
of the open sea (pelagic fauna) in fixing contemporaneous deposits 
over enormous areas. 

Other Hydrozoa are the jellyfish, of which recognizable casts 
have been found in large numbers. Stmnatopora formed reefs 
in some of the Cambrian limestones. 

It is still a question whether Corals were present in the Cam- 
brian; certain fossils (ArcJicBocyaihus, I, 7, 8,) which by some 
authorities are called corals, are by others regarded as sponges. 
Though sufficiently abundant in some parts of the West to form 
reefs, the genus has only a few species, and, except locally, they 
are not conspicuous elements in the fauna. 

Echinodermata. — The Echinoderms are rare, and belong to 
the Cystoids, a very primitive grade of the type. 

Worms. — The presence of marine worm.s Is abundantly in- 
dicated by tubes, tracks, and borings in the sands which have 
now consolidated into hard rocks. HyoUtlies, a worm-tube 
(I, 18), is very common. 

Arthropoda, — The only known Cambrian Arthropods are the 
Crustacea, and of these much the most abundant group is that 
of the Trilohita, which are altogether confined to the Palaeozoic 
rocks, and are by far the most important of Cambrian fossils. It 



P3.ATE 11. — Cambrian Trilobites 
lirifggc’ri Wah.^ x L, C. s, Oieneilns ifit>v!^som Hall, x Va C. 


variety in form and size, in the proportions of the 
taihshields, in the number of free segments, and in the 
development of spines. Already in the Cambrian this wealth of 
le, though far less so than it became in the Or- 
compared with those of later limes, the Cam- 
Trilobites are marked by the (usually) very small size of 
the large number of free segments, and their in- 


PAL.^OZOIC ERA 


only within recent years that the systematic position of the 
Trilobites has been established through the fortunate discovery 
of specimens with their appendages attached (see Pi Figs, i, 
n)* Trilobites have a more or less distinctly three-lobed body, at 
one end of wliich is the head-shield, usually with a pair of fixed 
compound eyes; at the other end is the tail-shield, and between the 
two sliields is a ringed or jointed bod}?’ made up of a variable 
number of movable segments. The Trilobites display an ex- 







Plate III. — CAMjmiAN Crustacea 


Fig. i^ Piychoparia kingt Meek, x ^4 M, C, a, P. antigmiata vSalter, X %,M, C. 3 * 
Creficephahis iexanus Shiimard, x 3.4, M- C. 4 , Mesonacis vermontana Wale., X C. 
C, 5, Zacanthoides iypicalh Wale., x r, M. C. Piirado.vides harlani GxtutfXt x 
M. C. 7, Dorypyge curticei Wale., x V2» M. C. 3 , Aiops trilineaius Emmons, . x 3 f L. 
C. Ci, Agnostus interstrtcius White, X’Vg, M. C, Microdisczts spectosusi Ford, xx, 
ir. C. II., Hipponicharion eps Matthew," x 4 , L. C, t-Hn Artstosoe roiundaia Walc^, 
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ability to roll tlieniselvcs up. The large Trilobiles with long 
eye-lobes are very distinctively Cambrian, Some of them, like 
Paradoxides (III, 6), are very large (from lo inches to 2 feet in 
length). OlencUus ( 11 , 2) and Holmia (II, i) also have large 
species, while Agnostus (III, ())^ MAcrodiscus (III, 10), and Atops 
(III, 8) are small and without eyes. 

The great importance of the Trilobiles for Cambrian strati- 
graphy is indicated by the fact that the three divisions of the 
system are named for llie three dominant genera of these crus- 
taceans, OlencUus^ Paradoxides, and Dilcelloccphalus, 

Two other divisions of the Crustacea arc found in the Cam- 
brian: the Osimeoda^ little bivalve forms, whose shells look 
deceptively like those of molluscs; and the Phyllocarida, wdiich 
have a large shield on the head and thorax, and a many-joinied 
abdomen, with terminal spine, 

Brachiopoda. — These are among the most abundant of Cam- 
brian fossils; most of them belong to the lower order of the class 
(Imrticulata), in wliich the shells are mostly horny and the tw“o 
valves are not articulated together by a hinge. The horny- 
shelled types, Linnarssonia (I, ii), Lingulepis (I, 10), and Lin- 
gulella are of great interest, as they differ but little from certain 
brachiopods which still exist. The second order of Brachiopods, 
the Articulata, which have calcareous shells connected by an 
elaborate hinge, were more common in the Upper Cambrian, 
In subsequent periods they became vastly more numerous than 
the Inarticulata, and throughout the post-Cambrian divisions 
of the Palieozoic their shells are found in incalculable numbers. 

The Molliisca are already represented by their principal divi- 
sions. The Pelecypoda^ or Bivalves (I, 15), arc of very small 
size and found very scantily; their variety and relative importance 
have gone on increasing ever since Cambrian times. Gastropoda 
(I, x6, 17) occur in small numbers, especially in the Upper Cam- 
brian. Fossils formerly referred to the Piero poda^ but now, 
generally regarded as worm-tubes, are among the most frequent 
;bf shells found in these rocks, but display no great variety. The 
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Cephalopoda, which are the highest group of molluscs, are per- 
haps represented in the Cambrian by shells which are rare and 
minute in size, and almost conlined to the uppermost part of 
the system; that is, assuming that the tiny VolbortheUa found in 
Russia and New Brunswick is really a cephalopod, but this is 
not certain. 

Idle Cambrian fauna displays steady progress, being distinctly 
more advanced in the upper than in the lower division. 


CHAPTER XXVII 


THE ORDOVICIAN (OR LOWER SILURIAN) PERIOD 
ORDOVICIAN SYSTEM 


Wales 


New York 

Bala 

Cincinnatian 

Series 

f Richmond Stage (Medina) 
Lorraine Stage 
[Utica Stage 

Llandeiio 

Llanvirn 

Mohawkian J 
Series 1 

r Trenton Stage 
' Black River Stage 
[ Lowville Stage 

Arenig 

Tremadoc 

Canadian J 
Series | 

[ Chazy Stage 

1 Bcekmantown Stage 


Sir Roderick Murchison divided his great Silurian system pri- 
marily into two parts, Upper and Lower. This method of classi- 
fication is generally followed even at the present day, although 
it is widely recognized that the most decided break in the entire 
Palieozoic group is the one between these divisions. In 1879 
Professor Lap worth proposed to give due emphasis to this dis- 
tinction by erecting the Lower Silurian into a separate system, 
the Ordovician. The name is taken from the Ordovki^ an ancient 
British tribe which dwelt in Wales during Roman times, Lap- 
wortli\s example is now largely followed in England and the 
United States, but on the continent of Europe the name Silurian 
is still retained for both systems. 

The classification and subdivision of the American Ordovician 
were first worked out in the State of New York, and consequently 
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the New York scale serves as a standard of reference for the rest 
of the continent. 

In the preceding table the classhication lately issued by the 
New York Survey is given in comparison with that of the Welsh 
Ordovician. It is not to be supposed, however, that the subdi- 
visions in the two continents are exactly equivalent, but merely 
that they correspond to one another in a general way. 

Distribution of Ordovician Rocks 

American, — The passage from Cambrian to Ordovician was 
gradual, without any marked physical l>reak. Only where the 
Upper Cambrian is sandy, as in New York, is there a decided 
change in the character of sedimentation. In the latter jDart of 
the Cambrian a great inland sea had been established over what 
is now the Mississippi valley and, with frequent fluctuations in 
depth and modifications in f<jrm, it was to persist for long 
periods as one of the salient features of Pakeozoic geography. 
This sea was separated from the Atlantic by the land mass called 
Appalachia, and on the western side it was demarcated from the 
Pacific by islands of undetermined size. A generalized repre- 
sentation of the arrangement of land and water in Ordovician 
North America is presented in the map, Fig, 260. Such a map, 
which can only be a rude approximation to the truth, is con- 
structed by marking as water all those areas where Ordovician 
rocks are known, or confidently inferred to be present, even though 
concealed by overlying, newer strata, and as land those areas 
where the Ordovician is wanting. Frequently, however, it is im- 
possible to determine whether the absence of the strata is due 
to their never having been present at the given point, or to their 
removal by denudation. On the other hand, the deep-lying and 
buried extensions of the strata may be subject to many interrup- 
tions, of which there is no surface indication, for ancient islands 
and peninsulas may be covered over and concealed by newer 
strata. Hence, the shore-lines appear unduly simple, for the 
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details have been destroyed by erosion, or hidden by deposition. 
Alost attempts to reconstruct on a map the long-vanished geo- 
graphy of some ancient period probably err in the direction of 
not making sufficient allowance for the removal of the strata by 
denudation. An example will make this clear. At Elmhurst, 
fifteen miles west of Chicago, from which the nearest known 
exposure of Devonian rocks is distant eighty miles, and where 
the surface is made by a Silurian limestone (Niagara), was found 
a fissure containing Devonian fossils, brachiopods, and fish teeth. 
This proves that tlie Devonian once covered that whole region, 
but has been entirely swept away, leaving liardly a trace behind. 

The presence of this Upper Devonian fauna at Elmhurst, buried 
as it is dec]) down in the Niagara limestone, indicates wdth cer- 
tainty tliat during the greater j^art of Devonian time, the region 
now known as northern Illin<3is was above sea-IeveL ... At a 
later period, near the dose of the Devonian, the sea again occu- 
pied the region, sand was sifted down into these open joints, and 
with it the teeth of fishes.” (Weller.) 

The Cambrian subsidence continued into the earliest Ordo- 
vician, when more of the continent w’^as under water and the 
sea probably deeper than at any subsequent period.” (Ulrich 
and Schuchert.) At the end of the Beekmantown stage, extensive 
geographical changes occurred,* two parallel folds, extending 
from Alabama to Newfoundland and following the trend of the 
future Appalachian Mountains and the Cambrian trough, were 
raised as low barriers, which })layed a very important part in 
separating the Atlantic from the Interior Sea. Inclosed between 
these parallel folds was a narrow basin, wffiich was frequently 
invaded by the sea, though rarely completely submerged from 
end to end. At the same time there was a widespread elevation, 
which greatly reduced the area and depth of the Interior Sea, but 
comparatively soon there followed a less extensive submergence 
(thazy) both at the south and in the north. In the latter region 
a long, narrow gulf extended up the valley of the St. Lawrence^ 
dividing at the Adirondack Mountains and sending one arm 
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where now is the valley of the Ottawa, and the other over the 
prCvSent site of Lake Champlain. Another narrow body of water, 
called the Levis channel, and believed to be separate from the 
Chazy bay, though very near to it, extended from Newfoundland 
into the northeastern corner of New York. From the south, 
the invasion extended into Kentucky and Tennessee and persisted 
for a longer time. 

In the upper Mississippi valley, the knver Ordovician limestones 
are followed by a very extensively developed sandstone (the 5/* 
Peter), which occurs, at the surface or underground, over nearly 
the whole of Illinois, Iowa, and Missouri, much of Wisconsin, 
Minnesota, and Michigan and Indiana, and smaller parts of 
other states from Kansas to Oklahoma. 

The Middle Ordovician (Mohawkian series) was a time of lime-' 
stone-making on an extraordinarily wide scale, which implies that 
the Interior Sea received less terrigenous sediment than before, 
and this, in turn, probably indicates that the surrounding lands 
were low and flat, and that the sluggish streams carried but small 
loads of fine silt. During the Chazy age the Interior Sea had been 
reduced in size, and nearly all of New York was above water, but 
a renewed submergence again extended the sea over most of 
New York and reopened the northeastern connection with the 
Atlantic. The Mohawkian limestones, especially the Trenton, 
occur in New Brunswick, New Y'ork, Canada, over the upper 
Mississippi valley, in the Black Hills, Bighorn, Rocky, 
Wasatch, and Uinta Mountains, and the Great Basin. In 
Kentucky and Tennessee unconformities point to oscillations of 
level, emergence and submergence alternating. 

The Upper Ordovician consists largely of a thick mass of shales 
{Utica and Lorraine) formed from the terrigenous silts spread 
widely over the sea-bottom, due perhaps to an elevation of the 
land, which, rejuvenating the streams, increased the loads carried 
to the sea, and perhaps also to a concomitant shoaling of the sea. 
These shales and slates are thickest toward the east, and extend 
along the Appalachian line from the St. Lawrence to Tennessee 
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and westward into Indiana. The northeastern passage to the 
Atlantic was more freely opened, and a fauna with strong European 
affinities invaded the Interior Sea, though not for long. The 
immensely thick mass of shales and slates, which occurs in the 
valley of the Hudson near Albany, and follows the trend of the 
Appalachian Mountains to Tennessee, was once regarded as a 
distinct series {Hudson River) and placed at the top of the Ordo- 
vician. It is now known, however, to be a separate facies, repre- 
senting at least the Trenton, Utica, and Lorraine stages, and 
possibly the whole of the Ordovician. 

The uppermost of the Ordovician stages (Richmond) is most 
typically developed in Ohio and Indiana, with a littoral, and per- 
haps partly continental, facies in central New York, and along 
the Appalachians, the Oneida conglomerate and Medina sand- 
stone, which, until very lately, have been regarded as the base 
of the Silurian. The “ eastern Oneida,’’ or Shawangunk grit, 
has recently been proved to belong to the upper part of the Silu- 
rian, and is therefore of much later date than the Oneida-Medina 
of central New York. “Ulrich has reexamined the Medina 
deposits of the Appalachian region, more especially in Penn- 
sylvania, Virginia, and Tennessee, and has concluded that they 
are the eastern shore deposits equivalent to the Richmond series 
of the Ohio and Mississippi valleys. This result therefore forces 
stratigraphers to place the line separating the Siluric from the 
Ordovicic, not at the base of the Medina formation of the New 
York standard section, but at its uppermost limit and beneath 
the Clinton.” (Schuchert.) 

In the western portion of the continent the Ordovician is not 
so well known as in the eastern, because it is so generally buried 
under newer strata, and, over great areas where it probably once 
existed, it has been removed by denudation. In the Lower Ordo- 
vician great areas of the northwest were land, but these were 
very extensively submerged in the Middle Ordovician, when the 
sea probably covered most of the Great Plains and much of the 
plateau region. The Upper Ordovician is much more restricted, 
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and ill many places lies unconformably upon the Middle, pointing 
to emergences and prolonged denudation. The Great Basin, or 
that portion of it known as the Nevada trough, seems to have been 
submerged throughout the Ordovician, as it had been in the 
Cambrian, and, indeed, during nearly the whole Palaeozoic era. 
Ordovician rocks fringe the 'vvestern side of the great northern 
pre-Cambrian area and occur in the islands of the Arctic Sea. 

Aside from the slow and gentle oscillations of level above 
mentioned, the Ordovician was a period of tranquillity, generally 
speaking, without violent diastrophic movements, nor have any 
signs of volcanoes of that date been discovered in North America. 
Igneous intrusions are rare, though they have been found in New 
York and in tlie Wichita Mountains of Oklahoma, where the 
deposition of Trenton beds was followed by the upheaval of the 
mountains and the intrusion of a great mass of granite, which 
has metamorphosed the overlying sedimentaries. 

Foreign. — In Europe the Ordovician rocks appear to have 
been laid down in two distinct seas separated by a ridge of land. 
The northern area extends from Ireland far into Russia, while 
the southern is represented by numerous scattered masses. These 
cover a much wider surface than do the Cambrian. In 
Great Britain, especially in Wales, they form very thick masses 
of shales and slates, with but little limestone, intercalated with 
much volcanic lava and tuff, the volcanic activity being in very 
marked contrast to the quiet of North America. In Scandinavia 
these rocks are nearly horizontal limestones and shales, and in 
Russia they cover very large areas and are so perfectly undis- 
turbed that many are still incoherent sediments. In the southern 
sea were kid down the Ordovician strata of Bohemia, Germany, 
northwestern and central Prance, Spain, Portugal, Sardinia, and 
Morocco. 

The very marked difference between the fossils of the two great 
European areas, and the fact that the Ordovician fossils of other 
continents agree with those of northern Europe, while those of 
the southern district are peculiar, indicate that the latter region 
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was a partially closed sea, which occupied the Mediterranean 
basin, though extending far beyond its present limits, 

Asia was largely above water in Ordovician times, but a broad 
Indo-Chinese sea covered much of the eastern coast, and in north- 
ern Siberia are great areas of Ordovician strata, the upper mem- 
bers of which are red sandstones with gypsum and salt. This 
points to an arid climate. Marine rocks of Ordovician date are 
found in noiTh but the equa and southern regions 

are highly peculiar among the continents in the very subordinate 
part taken by marine rocks of any period, the land, being built 
up almost entirely of continental rocks. In South Africa a thick 
series of barren sandstones underlies marine Devonian, and prob- 
ably some of these are referable to the Ordovician. Ordovician 
rocks are found in Ne%v Zealand^ Tasmania^ and the southern 
part of Australia. In South America they are not extensively 
developed, but have been found in Argentina and Peru. 

The Climate of the Ordovician, so far as at present known, 
was uniformly mild and equable, as appears from the fossils of 
the Arctic lands. No glacial deposits have yet been discovered, 
though arid conditions obtained in northern Asia. 

Close of Ordovician. — At the end of the period came a time 
of widespread disturbance, upheaval, and mountain-making, the 
traces of which are still plain in North America and Europe, espe- 
cially along the Atlantic slope of each continent. In Nova Scotia 
and New Brunswick the Silurian strata lie unconformably upon 
the upturned Ordovician. Along the line between New York 
and New England the Taconic range was upheaved, its rocks 
greatly compressed, plicated, faulted, and metamorphosed. Many 
of the crystalline schists of this region, it has been proved, were 
derived from the metamorphosis of Cambrian and Ordovician 
sedimentary rocks. Evidences of this disturbance have been 
traced as far south as Virginia. The effects of the upheaval were 
not felt in the northern part of the Gulf of St. Lawrence, for on 
Anticosti Island the great limestone, which was begun in Ordo- 
vician times, continued without a break into the Silurian, T^he 
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disturbance was along a line of especially thick accumulation 
as appears from the comparative measurements of the same strata 
in different areas. The Interior Sea appears to have been entirely 
drained; at all events no deposits transitional to the Silurian are 
known from that region. In the West and Northwest large areas 
remained land for long periods, but the Interior Sea was soon 
reSstablished in the Mississippi valley. Some narrow strips of 
land were added to the margin of tlie Cambrian coasts, and on a 
line running through southern Ohio, Kentucky, and Tennessee 
a low, broad arch, the formation of which appears to have begun 
early in the Ordovician, \vas forced up by latei'al compression. 
This is called the Cincinnati anticline or axis.” 

In Europe the disturbances which brought the Ordovician to a 
close produced their maximum effects in England, Wales, and 
the Highlands of Scotland, where the thickness of the sediments 
is greatest. In these regions the Ordovician beds are folded and 
often greatly metamorphosed, the Silurian strata lying upon their 
upturned edges. 

The Life of the Ordovician 

Ordovician life displays a notable advance over that of the Cam- 
brian, becoming not only very much more varied and luxuriant, 
but also of a distinctly higher grade. During the long ages of 
the period also very decided progress was made, and when the 
Ordovician came to its close, all of the great types of marine inver- 
tebrates and most of their more important .subdivisions had come 
into existence. In a general way the life of the Ordovician is 
an expansion of that of the Cambrian, though but little direct 
connection between the tw^o can yet be traced, and evidently there 
were great migrations of marine animals from some region which 
cannot yet be identified. Several groups of invertebrates attained 
their culmination and began to decline in the Ordovician, becom- 
ing much less important in subsequent periods. Thus the Grap- 
tolites, the Cystoidean order of Echinoderms, the straight-shelled 







Plate IV.— Ordovician Sponges^ Corals^ etc. 
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Cephalopods (orthoceratites) among MolluscSj and the TrilobiteSj 
were never so abundant and so varied as during this period. 

Plants. — In America no plants above the grade of seaweeds 
and coralline Algie have been discovered, but in Europe a few of 
the higher Cryptogams are doubtfully reported. The flora of the 
Devonian, however, renders it highly probable that land plants 
were already well advanced in the Ordovician, and their remains 
may be discovered at any time. This must remain a matter of 
accident, for the known Ordovician rocks are almost all marine, 
which is not a favourable circumstance for the preservation of 
land plants. Such discoveries liave, indeed, already been re- 
ported, but the evidence for them is not satisfactory. 

Foraminifera and Radiolaria have been found in a few regions 
in great numbers, suflkient to prove that they were abundant 
in the Ordovician seas. 

’ Spongida. — Sponges are much more niuneroiis and varied 
than in the Cambrian. Of course it is only those sponges with 
skeletons of lime or flint which can be well preserved in the fossil 
state, and of these the Ordovician has many (PI, IV, Figs. i-'4). 
The horny sponges, of which the common bath sponge is a 
familiar example, are necessarily much rarer and less satisfac- 
, tory as fossils. 

Ccelenterata, — -The Grapiolites are very numerous and varied, 
wherever conditions are favourable to their preservation, as in 
fine-grained rocks with smooth bedding-planes. The Ordovician 
is the time of their culmination and is especially characterked by 
the double forms, with rows of cells on both sides of the stem 
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Plate V,— Orbovecian Graptolites, Braciitopods, etc, • . 

Fig. I, Climacograptus^ bicarnis Hall, x i, Utica 2, Tetragrapiu$fruiicasus Hall, 
%» Eeeltmantown. 3, Citm^cogr^pius pungens Ruedemaan, x Vg, Chazy, 4, Goniagyap' 
ius post r emus Rued,, x Beekmantown. s, PhylhgrapUirS mtgttsU/oUus Hall, x % 
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(see PL V, Figs. So abundant are the Graptolites that 

in many parts of the system they are almost the only fossils, and 
are employed to divide the substages into zones. Graptolite 
zones, with the same or closely similar species, and in the same 
order of succession, are found in Great Britain, the St. Lawrence 
and Champlain valleys, and in Australia. Hydroid corals, Stro- 
mahccrimn^ are abundant, and form reefs in the Chazy and Black 
River limestones. The few and doubtful Cambrian are 

succeeded by a considerable number of Ordovician genera and 
species. Like other Pakeozoie Corals, these are characteristically 
different from the reef-builders of the present day in showing a 
marked bilateral symmetry and having the septa arranged in 
multiples of io\\x { 2 ^ etracor alia). Solitary cup-corals, like Strep- 
telasma and Petraia (IV, 5), and compound colonies, like Cohim- 
naria (IV, 6), are examples of the range of differences among 
these early corals. 

The Echinodermata have greatly increased in importance, and 
all the main subdivisions of the group are represented, all of 
which, except the Cystoids, first appear in the Ordovician. The 
Cystoidea-j which we have already found in the Cambrian, attain 
their greatest development in the Ordovician. In these curious 
animals the body is either irregularly shaped, or symmetrical, 
with a short, tapering stem, by whicli the animal was attached 
to the sea-ffoor, and weakly developed arms. The body, or calyx, 
is made up of a number of calcareous plates; when these plates 
are very numerous, they are of irregular size and arrangement 
(IV, 8, 10), while the forms with few plates have them of a definite 
number, size, and shape (IV, 9). Some of the more regular 
^ Qy^oidea have much resemblance to the true Crinoids. The latter 
not rare, though less abundant than they afterward became. 
T||ese animals (IV, ii) have a symmetrical calyx, with long, 
branching arms; the number and arrangement of the compo- 
‘ Rent plates are definite and characteristic for each genus. Most, 
but not all, of the Crinoids have a long, jointed stem, by which 
they are attached to the sea-bottom. The earliest Blastoidea, 
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represented by Blastoidocrinus (W, the Cha^y. 

This genus, a very primitive form which retains notable cystoid- 
ean characters, is the first member of a group which was to become 
important in a long subsequent period, the Carboniferous. As- 
/cmU? (starfishes) and Ophiiiroids (brittle-stars) are found, but 
cannot be called common, or abundant. The Echinoidedy or 
sea-urchins, are represented by very primitive forms. 

Artliropoda. — The Trilobites (PL VII) increase very greatly 
in the number of genera and species, and most of the Cambrian 
genera are replaced by new ones. This is the period in which 
the group of Trilobites attains its highest development, gradually 
cleclinlng afterward and becoming extinct with the close of the 
Palaeozoic. The most characteristic aiuP widely spread genera 
of Ordovician Trilobites are: Asapkus, Isotel us (Vll, 7), Bu- 
mastus 2), Triarthrus (VII, 1) , Caly fmnenc {Vll, 8), Ceraii- 
(Vn, 6), (^ 4) ^ Addas pis (VII, 3), Bronietts 

(VII, 5), Fiery gometopiis^ etc. These genera differ in aspect 
from those of the Cambrian in their much larger tail-shields, in 
their ability to roll themselves up (see VII, 2 a, 8 a), and in their 
rounder and better- developed, faceted eyes. 

Other Crusvtacea mark advances in the Ordovician. Thus, 
the Eiirypterida, a group which dates from the Algonkian, and 
was destined to a remarkable development in the Silurian and 
Devonian, is represented, though not abundantly. Ostracoda 
and Phyllociirida undergo no marked change. That terrestrial 
animal life had already begun is demonstrated by the occurrence 
of an Insect^ ProtodmeXi in Scandinavia. From this we may be 
assured that terrestial vegetation was already established and 
that the atmosphere was fitted for the existence of air-breathers.^ ‘ ' 

Brachiopoda. — These shells increase very largely in abundance; 
and variety, the genera with hinged calcareous shells (Articulali) 
now gaining the upper hand and reducing the horny-shelled kinds ' 
to comparative insignificance. The most important genera are: 
Orthis (V, ii); Platysirophia (V, 12); Dalmanella (V, 14); 
Plectambonites (V, 15); Rqfinesqtdna (V, 16); Leptmna^ Sira- 
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Plate VI. — Ordovicfan Moluisca 
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phomena (V, 17), RJtynchotrmna (V, 19). Spine-bearing 
shells begin in (V, 18). 

Bryozoa. — This is a group which has yet yielded no repre- 
sentatives from the Cambrian, but appears abundantly in the 
Ordovician (V, 6-8). The genera differ little from those which 
live in the modern seas. 

Mollusca. One of the most striking differences between the 
Cambrian and the Ordovician is the great advance made by the 
Molluses in the latter period. The WiY^\YQS, {Felecypoda) are 
larger, more numerous, and moi*e like modern forms (see PI. VI, 
Figs. 1-6). The Gastropoda likewise increase notably in size and 
in numbers, especially the spirally coiled shells. Important 
genera are: (VI, 8); Hormotoma 10); Pro- 

towardiia (yij 12); Trochonema (y I ^ 9); Madurea (VI, 13). 
Neither Bivalves nor Gastropods had anything like the relative 
importance which they possess in modern times; the latter all 
had the mouth of the shell forming a complete ring (holosto- 
mate). 

Much the most significant change in the Mollusca, however, 
is the great expansion of the Cephalopoda^ a few of which perhaps 
appear in the uppermost Cambrian, but in the Ordovician have 
become one of the predominant elements in the marine life of 
the times. The Cephalopods, which are the highest group of 
molluscs, are in modern times represented by two suborders; 
in one, the squids and cuttlefishes (Dibranchiata) , the shell is 
rudimentary and internal; while in the other (Tetrabranchiata) 
the shell is external. Such an external shell is divided by trans- 
verse septa into chambers, which are connected by means of a tube, 
the siphunde^ the animal living only in the terminal chamber at 
the mouth of the shell, the remainder of which is empty. The 
only existing representative of the Tetrabranchiata is the Pearly 
Nautilus, but throughout the Mesozoic and most of the Palaeozoic 
eras there was an extraordinary variety of these chambered shells. 
In the Ordovician the Cephalopods were all NauHloids^ most 
nearly allied to the modern Pearly Nautilus, with chambered 
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shells, divided internally by simple septa^ The commonest 
shell of this type is Ortkoceras, which is a straight and very elon- 
gate cone (VI, i6) and sometimes attains a length of lo feet; the 
genus persists throughout the Palaeozoic and into the Mesozoic. 
EndoceraSy which likewise has a straight shell, with a curiously 
complex siphuncle, is confined to the Ordovician. Besides these 
straiglit forms we find curved shells like Cyrtoceras (VI, 17), shells 
like Eurystomites (VI, 18), and Sdircvderoceras (VI, 19), which 
hav''e the young shell coiled and the portion formed in old age 
straight, resembling an Orthoceras with its smaller end rolled up 
into a coil. Others again, like Trocholites, have the shell coiled 
in a close, fiat spiral. 

A peculiar shell, Conularia (VI, 15), which has a four-sided, 
pyramidal shape, with four triangular pieces to close the mouth, 
is a genus referred to the Pteropoda, 

Vertebrata. — The curious, mail-clad Ostracoderms^ primitive 
vertebrates which somewhat resemlifie the fishes in appearance, 
have Ijeen found in the Ordovician sandstones of Colorado and 
Wyoming. As these remains are imperfect, description of the 
Ostracoderras will be deferred till a later chapter. 




CHAPTER XXVTTT 



THE SILURIAN (UPPER SILURIAN) PERIOD 

Thk name Silurian, like Cambrian and Ordovician, refers to 
The term was jmoposed by Murchison in ICS35 for a great 
system of strata older than the Devonian, and was taken from tlie 
Silure.\'j another ancient tribe of Britons which inhabited paid of 
Wales. Murchison gave great extension to his Silurian system, 
including in it most of Sedgwick's Cambrian, but, as already 
pointed out, the present tendency is to divide this vast succession of 
rocks into three systems of equivalent rank. It is unfortunate, and 
even unjust, that Murchison term should not have been retained 
for the more important and widely developed lower division, 
now called the Ordovician, rather than for the upper division. 

As in the Ordovician and Devonian, the New York classification, 
given in tabular form below in comparison wdth that of Wales, is 
the standard of reference for the American Silurian: — 


SILURIAN SYSTEM 


Wales 

Ludlow, 
or Clunian 

Wenlock, 
or Salopian 
VEay Hill, 
or Valentian 


Cayugan J 
Series 


Niagaran 

Series 


New York 

Manlius Stage 
Rondout Stage 
Cobieskill Stage 
Salina Stage 
Guelph Stage 
Lockport Stage 
Rochester Stage 
Clinton Stage 


very lately a basal series, the Oswegan, with the 
conglomerate and Medina sandstone, has been regarded 
lowest member of the Silurian, but this is now referred to 
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Distribution of the Silurian Rocks 

American. — Tlie general disturbance which closed the Ordo" 
%dcian period appears to have greatly increased the extent of the 
continent. A relatively narrow strip of coast lands had been 
added to the northern pre-Cambrian area, converting much of 
Minnesota, Wisconsin, and the province of Ontario, northern 
New York and New Jersey, and western New England into land. 
Southern Ohio and central Kentucky and Tennessee had been 
raised into the Cincinnati anticline, hut it is doubtful whether 
they remained as islands in the Silurian sea. Much of the Interior 
Sea had withdrawn, but the emergence was not long, geologically 
speaking, and the sea was soon reestablished, but with entirely 
different boundaries and connections. What changes affected the 
land masses of the West and Southwest cannot yet be definitely 
determined, but the absence of the Silurian from extensive areas 
where the Ordovician is found indicates that these masses were 
greatly enlarged. How much of this enlargement came at a 
later date and how far the absence of the Silurian is the result of 
denudation, there is no present means of finding out. 

The Silurian rocks are far thicker in the East, especially along 
the Appalachian range, than in the interior or western regions, 
where they thin out and are wanting over large areas. 

An important feature in the Silurian geography of eastern 
North America was the establishment of the Cujnherland Basin ^ 
or Appalachian Mediterranean,’^ as it has been called. This 
large sea lay to the eastward of the Interior Sea, from which it 
would seem to have been either completely separated, or so 
nearly so that the species of marine animals inhabiting the two 
bodies of water were very different. The Cumberland Basin 
was east of the Catskill-Helderberg line in New York, and its 
^'\’estern shore crossed New Jersey and curved westward beyond 
the centre of Pennsylvania, whence it ran southwest more or 
less parallel with the Appalachian line, toward which it curved 


PtO*26r. — Generalized ITT ap of North America in the Silurian. Black areas 
known ejfposures. Lined areas sea. White areas 5= land, or unknown 






DISTRIBUTION OF THE SILURIAN ROCKS 58 1 

eastward in southern West Virginia. This basin began apparently 
ill western Maryland and adjoining areas very early in Silurian 
times, and continued to grow larger and deeper until the Devonian 
was well advanced. The Interior Sea underwent a succession 
of oscillations much like those which had affected it during the 
Ordovician; it wms apparently closed at the south, but extended 
northwestward to the Arctic Sea, while its east- west diameter 
had been greatly reduced from that of the Ordovician. 

The submergence which inaugurated the Silurian iDeriod 
(i,e. on the assumption that the Medina is properly referable to 
the Ordovician) brought the Interior Sea up to the narrow barrier 
which separated it from the Cumberland Basin, and in it were 
laid down the sediments of the Clinton stage, shales in the east 
passing westward into limestones, which extend through New 
York to Indiana, and perhaps also through Illinois to Missouri. 
In the Cumberland Basin the Clinton shales followed the trend 
of the Appalachians to Alabama. It must be remembered, 
however, that the Appalachian Mountains were not then in exist- 
ence, as such, but they were foreshadowed by structural lines 
of depression and low folding which exerted a definite control 
of the coast-lines and basins through most of the Pa]^eo2oic era. 
Northeastward, the Clinton recurs in Nova Scotia and at other 
points in eastern Canada, but is not always readily identifiable. 
In many places interstratified concretionary lijematites are found 
in the Clinton, especially along the Appalachian line, but also 
in Wisconsin, New^ Y^ork, and Nova Scotia. 

A time of limestone- making on a great scale (the Lockport and 
Guelph stages), ])receded in New York by the Rochester shales, 
followed the Clinton. In the East this great limestone has but 
a limited extension southward, but southwestward it stretches 
for nearly 1000 miles, to Wisconsin and thence across Illinois, 
Iowa, Missouri, and western Tennessee. Many scattered outliers 
in Manitoba and the region west of Hudson’s Bay indicate the 
probable former extension of the limestone unbrokenly to the 
An'tic shores and islands. Rocks of corresponding date, laid 
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down in the Cumberland Basiiij but with marked faunal differences 
in the fossils from those of the Interior Sea, are found in western 
Maryland and Virginia, New England, New Brunswick, and 
Nova Scotia. East Tennessee, on the other hand, was elevated 
at the end of the Clinton stage and remained as a land-surface 
till the middle of the Devonian. 

Little is known of the Silurian of the West, for, as already 
pointed out, there is reason to believe that nearly all of that region 
was then land. However, the Nevada trough continued to be. 
submerged, presumably forming a gulf from the Pacific, and 
here the Niagara series is represented by the upper part of a 
thick mass of limestone which extends upward imbrokenly from 
the Trenton, the great limestone of the Ordovician. 

The limestone of the Niagara epoch (Lockport) is very largely 
made up of corals, and in some places, as in eastern Wisconsin 
and areas to the .south, distinct coraL reefs may be observed, 
the most ancient which have as yet been found. As we have 
seen, corals flourished' abundantly in the Ordovician, but, so far, 
no definite reefs have been noted in the rocks of that period. 

The next change stage) was the separation, along the 

northern part of the northeastern arm of the Interior Sea, of a 
series of salt lagoons, in which were deposited red marls and 
shales, interstratified with gypsum and rock-salt, from which 
are obtained the brines of New York, Ontario, and Ohio. In 
part contemporaneous with these is a hydraulic limestone, called 
the Waterdlme, which has much the same distribution as the salt- 
bearing beds, but is thicke.st where they are thin. The Water- 
lime indicates the freshening of the Salina lagoons and has 
preserved a remarkable assemblage of Crustacean fossils, belonging 
to the Eurypterida. The rocks of the Salina .stage are thickest 
in New York and Pennsylvania, thinning to the westward. In 
the Shawangunk Mountains of eastern New York the Salina is 
represented by thick conglomerates of quartz pebbles, which were 
formerly referred to the Oneida, but are now known to contain, 

. in interstratified shales, the remarkable Emypterida of the Water- 
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lime. This formation extends along the AppalaGliiaii Hue to 
Tennessee as a very thick mass of sandstones and conglcmerates. 
The beds of salt and gypsum, are strong evidence that the climate 
of Salina times, at least in the northeastern part of the contL 
nent, was arid, but how far this aridity was local, cannot be 
determined. 

Throughout the Salina age the Interior Sea had been growing 
shallower, and shortly after the close of that stage the whole interior 
of the continent became land and remained so for a considerable 
period, but the Cumberland Basin persisted, and in it the lime- 
stones of the closing part of the Cayugan epoch and Silurian 
period were accumulated, the Cohlesktll^ RondoiitymA Manlius^ 
which are variously distributed in different parts of the basin, 
due probably to differential movements of the sea-door, but all 
occur in succession in New York and in \yestern Maryland, and 
for some distance north and south of the latter. 

The Silurian rocks of North America have yielded no sign of 
volcanic material; in a few places they are traversed by igneous 
intrusions, most of which may, however, be of much later date. 
In Maine are some igneous rocks which decidedly appear to be 
Silurian, and the same may be true of certain areas in New Bruns- 
wick and Nova Scotia. 

Foreign. — The division of Europe into northern and southern 
areas which we found in the Ordovician was maintained in Silurian 
times, and the southern sea was as peculiar in its animal. life as it 
had been before, the northern being the typical Silurian which 
is found in the other continents. In the west of Ireland, Wales, 
northern England, and Scotland, Silurian beds accompany and 
overlie the Ordovician, but the much greater development of lime- 
stone points to a deepening of the water in those seas or a lowering 
of the surrounding lands. The volcanic materials, so conspicuous 
in the Ordovician, are no longer found. The Wenlock limestone 
of Great Britain, which corresponds to the American Niagara 
(Lockport-Guelph) is, like the latter, largely coralline. In Scan- 
dinavia also there is a great development of Silurian limestones, 
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which extend far into Russia, In the latter country the sea 
had retreated much from its extension in the Ordovician, except 
toward the southeast, where it was carried into Bessarabia. Most 
of the Russian Silurian was formed in an interior sea, connected 
with that of southern Europe. In the southern European countries, 
wdiich display the Bohemian facies^ the Silurian rocks have nearly 
the same general distribution as the Ordovician. The two systems 
are also associated in the Arctic islands, in China, north xAfrica, 
South America, and Australia. In South Africa the Silurian is 
probably repre.sented in some of the barren Table Mountain 
sandstones. In all of these areas, as also in North America, the 
fossils resemble those of the northern Phiropean region, rather 
than those of the southern. In general the Silurian rocks are less 
extensively exposed at the surface than the Ordovician. 

Climate. —The Silprian climate seems to have been like that 
of the Ordovician, very uniform over the earth and wdth no indica- 
tion of climatic zones. The aridity of the New York region in the 
Salina age, which has already been mentioned, corresponds to 
the similar conditions in the Ordovician of Siberia. Both were 
probably local. 

Close of the Silurian. — In parts of North America the Silurian 
passed so gradually and gently into the Devonian, that it is dilBcult 
to draw the line betw^een the two systems. Some disturbances, 
however, took place in Ireland, Wales, and the north of England, 
for in these localities the Devonian lies unconformably upon the 
Silurian. In other parts of Europe the transition was gradual. 

The Life of the Silurian 

Silurian life is the continuation and advance of the same organic 
system as flourished in the Ordovician, certain groups diminishing, 
others expanding; and some new groups now make their first 
appearance 


Plate VI I L — ( Conthmea) 

americanum Foord, x %, Gnelph. 57, Trvckoceras despUinese McChesney, 
OueSph. 19, Ltch&s hremesps Hall, x Lockport. ao, Stanrocepkalus murcht- 
$&nti Bamnde, x r, t-octnon, 25, Dei'phoH Barrande, x j, Niagaran of Arkansas. 
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Plate VI 1 1 . “—Silurian Fossils 

Fig. T^AstreBospongia ^nenisciis Roemer, t, Lockoort. 2, Fa^miies occtdenialis Plall, 
X 1, Lockport. 3, Halysiti's caienulatus Linn,, x 1, Lockport. 4, HolocystUes cylindricus 
Hall, X Guelph, 5, Caryocrmus ornaius Say, X i, Lor.kpoi't, 6, Encalypic^rintis 
Hall, X Lockport. 7, Tejitacnliies gyracanihns^ Eaton, Manlius. 8, Mcno^ 
werella novehoracum Clarke and Rued., x 14, Guelph, S«, 7 ’,^/* interior of ventral 

valve, 9, Spirife^' radmtus S'^werhy, x 14, Lockport. 10, crishis Histnger, X j, 
Lockport. II, Hall X 7/2, Lockport. 12, Ehyncfioireia amfricanci. 

Hall, xx, Lockport, 13, Pentavterus oblongti^ Sowerhy, X Clinton. X4y Sit^pkostylus 
cyclostomus Hal}, x Va. T^ockport, 15. Tremttimoius alpheusB-dM, x %, Guelph, 16, 
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Plants. — Our knowledge concerning the land vegetation of the 
Silurian is not much more definite than concerning that of the 
Ordovician, Most of the remains referred to land plants are of 
disputable character; the best authenticated is a fern {Neuro- 
pteris) from the Silurian of France. 

Spongida are .still common. Well-known forms are Astylo- 
spongia and Asimospongia (Pi. VIII, Fig. i); both are almost 
restricted to Tennessee. 

Coelenterata. ■ — The Graptolites have greatly diminished, es~ 
pecially the branching forms and those with two or more rows 
of cells. Those that persist are, for the most part, straight and 
simple. 71 ie Hydroid Corals, on the other hand, such as Heliolites, 
Slromatopora^ etc., become important elements of marine life and 
in the formation of the reefs. The true Corals likewise increase 
largely, and play a more important role than in the preceding 
period. The increase is principally in the enlarged number of 
species belonging to much the same genera. Favosites (VIII, 2) 
is a characteristic new genus, and Halysites (VIIT, 3), the chain 
coral, Syringopora, and others are much commoner than before. 

Echinodermata. — In this group we observe a great expansion 
of the Cystoidea^ which are very abundant in the Chicago lime- 
stone (Niagara) and the Manlius of Maryland and West Virginia. 
Holocystites and Caryocrinus (VIII, 4, 5) are typical of the fauna. 
There is also a marked increase of the Crinoids ; Encaly plocrinus 
(VIII, 6 ) is a good example. Starfishes also have grown more 
abundant. The Blastoidca^ which originated in the Ordovician 
and became extinct at the end of the Palfcozoic era, remain rare 
in the Silurian and Devonian, first becoming important in the 
Carboniferous. The Echinoids, or sea-urchins, which were 
commoner than before, have no arms, but a closed spheroidal or 
discoidal test, made up of calcareous plates, which in all the 
modern sea-urchins are arranged in just twenty vertical rows, 
i and are closely fitted together by their edges, like a mosaic pave- 
ment. In the Palaeozoic sea-urchins the number of rows of plates 
as either more or less than twenty; in some of the Silurian genera 
tlbe plates are looselyfitted, and slightly overlapping, like fish-scales. 
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Arthropoda. — Among the Crustacea the Trilobites are still 
numerous, though decidedly less so than they were in the Ordovi- 
cian; they represent, for the most part, new species of genera 
which have survived from the preceding period. The common- 
est genera are Calymmene, Illcenus, Dalmanites Lidias (VIII, 19), 
Fhacops^ Proetus, Encrinunis^ etc. Especially characteristic 
are the genera Staiirocephahis (VUI, 20) and DeipJwn (VIII, 21) 
and the large number of 
spiny forms. Eurypterids 
continue to increase in 
numbers and size, though 
not reaching their maxi- 
mum in either respect. In 
these extraordinary Crus- 
tacea the head is quadrate 
and is followed by a long, 
tapering body, composed 
of thirteen movable seg- 
ments; the last segment is 
either a pointed spine, as 
in Euryptems (see Fig. 262), 
or a broad tail-fin, as in 
Pterygotus, Five pairs of 
appendages are attached to 
the head, the bases of four 
of w^hich, on each side of 
the mouth, form the ja^vs, 
as in the existing horse- 
shoe crab. The first pair 
of appendages are either short and simple {Eurypterus, Stylonurus)^ 
or are much elongated, and armed with pincers {Pterygotus), The 
fifth pair are either very long, or enlarged to serve as swimming 
paddles. The first body-segment carries a pair of apron-like 
appendages, with a narrow median extension, but the other 
segments have no appendages. The horse-shoe crabs find their 



Fig. 262, — EmypUrus fischeri Eichw., Island 
of Oesel, Russia, (Schnudt) 
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most ancient representative in the genus Hemiaspis of the Euro- 
pean Silurian. The Eurypterida would appear not to have been 
marine animals but to have lived in the freshening lagoons of 
the upper Salina and to have been entombed in the shoal-water 
calcareous muds of the Water-lime. Other Crustacea are much 
as in the preceding period. 

Scorpions have l^een found in the Silurian of Europe and Amer- 
ica, and some remains of Insects in the former continent. These 
animals prove the existence of a contemporaneous land vegetation, 
and confirm the doubtful evidence of the Ordovician and Silurian 
plants. 

Bryozoa decline, but are still quite abundant, and contribute 
in an important way to the growth of the coral reefs as well as 
forming reefs by themselves in the Clin- 
ton and Lockport limestones, but they 
are less important reef-builders than 
they had been in the Ordovician, chiefly 
because the massive kinds are so largely 
replaced by delicate, lace-like colonies. 

Brachiopoda continue to be present 
in multitudes, but with a distinct change 
in dominanf genera from those which 
were commonest in the Ordovician, 
Especially characteristic is the increase 
in the families of i\\e^ SpiriferidcB 
Fentameridoi^ both of which continue 
prominent in the Devonian. The niost 
important genera Bx^ Mrypa, Spirifer 
(VIII, xo)^ Pentameriis (VIII, 13), 
Rhynchofreta (VUIy S^ep- 

iisj and WhUfieldella. A curious family 
of Inarticulate Erachiopods is the 
Trimerellidse, several forms of which are found in the coral reef 
dolomites of the Guelph, Mofiomerella, a genus of this family, is 
figured (VIII, 8). 



Fro* <z^%,^Lanarkia sp.; 
a primitive C>stracodenn. 
(Traquair.) Restored 
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MoUusca. — The Bivalves show no very significant changes 
from the Ordovician, but the Gastropods, especially such forms 
as Capidusj increase decidedly; other well-represented genera of 
these shells are Platyostoma^ Cydonema, Strophostylus (VIII, 14 ), 
and Trematonotus (VlII, 15). Fteropods are smaller and less 
numerous than before; a very common form is the little nail- 
shaped shell, 7 'entaciiUtes (VIlI, 7), which is doubtfully referred 
to this group, but may belong to the Worms. Among the Cepha- 
lopods Orthoceratites are less frequent than in the Ordovician, 
but are more commonly ornamented by rings or longitudinal 
ridges (VUl, 16), and Endorems has disajipeared, while low tur- 
reted shells, like Trochocems (VI.II, 17), are characteristic. The 
shells with curiously contracted mouth openings, like Phragmo- 
ccras, are more commonly found than in the Ordovician. 

Vertebrata. — The remains of Ostracoderms of a primitive 
kind have been found in the uppermost Silurian of Scotland; 
they are of small size and very peculiar appearance, but are re- 
lated to the genera which were to attain such, prominence in the 
Devonian. Sharks, doubtless of extremely primitive character, 
existed in the Silurian seas, but very little is known about them. 



Fig, 264. — upper figure, Birhenia e^egans Traq., X V2’ I^ower figure, Lmamui prolt* 
kmaiims Traq., enlarged. Both figures restored. (Traquair) 
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New Scotland 
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' The mmt Denjonian^ izktn from the English county Devon- 
/ , shire, was proposed by Sedgwick and Murchison in 1839; it has 
found universal acceptance and has passed into the geological 
i. literature of all languages. 

. ' y As in the Ordovician and Silurian, and for the same reason, the 
divisions of the New York Devonian are taken as the standard of 
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reference for North America, but the general standard is no 
longer to be found in Great Britain, in spite of the first description 
of these rocks in Devonshire. This is because these rocks in 
England are so much disturbed, metamorphosed, and faulted, 
that the oi'der of succession among them could not be determined 
until the Devonian of the Rhine and Belgium, the largest • and 
best-developed Devonian area of western Europe, had finst been 
made out. Hence, the Rhenish section is widely employed as 
a standard for the different continents. 

Distribution of the Devonian 

American. In certain areas, notably in that of the Cumber- 
land Basin, the transition from Silurian to Devonian is so gradual 
that the boundary between them remained long in doubt and has 
been shifted more than once. The Helderbergian series has, 
until quite recently, been very generally referred to the Silurian, 
and at one time even the Oriskanian was included in the same 
system. 

At the beginning of the Devonian {Helderbergian epoch) most 
of the continent west of the Cumberland Basin w-as land, but the 
Basin itself continued to deepen and enlarge, and subsidence in 
the South brought the sea in over western Tennessee into Mis- 
souri and southern Illinois, reaching into Oklahoma. The lime- 
stones of the Helderbergian series, which were laid down in the 
Cumberland Basin, extend, with some interruptions, from south- 
western Virginia along the line of the Appalachians to Albany, N. Y. 
The Gaspe Peninsula, which forms part of the w'est coast of the 
Gulf of St. Lawrence, was submerged at this lime, for here we 
find 1500 feet of limestone representing the Helderbergian and 
Oriskanian series. The St. Lawrence tidal waters of this period 
must have extended westward to the border of Vermont and 
Montreal and southw^ard along the Connecticut valley.’’ (Dana.) 
Northern and southern New Brunswick, northern Nova Scotia, 
northern Maine and part of its coast were under the Helder* 
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bergian sea, and the New England troughs, the Connecticut 
valley, and the Gaspe-Worcester trough were submerged. In 
the West the Helderbergian has been identified only in the Nevada 
trough, where marine sedimentation continued uninterruptedly 
from the Silurian, while in the far North on the shore of Kennedy 
Channel, N. lat,, Helderbergian fossils have been found. 

The Omkanian epoch witnessed some geographical changes. 
The rocks of this series, which ai‘e prevailingly sandstones laid 
down in the Cumberland Basin, are thickest in western Maryland, 
and thin away both north and south from that region; to tlie 
south the beds are chiefly lower Oriskany and to the north mostly 
upper Oriskany, indicating oscillations of the Basin floor. In 
central New York the Oriskanian waters extended themselves 
westward across the state, breaking through the barrier in the 
southeast. In the Mississippi valley, the Oriskany has about 
the same limits as the Helderbergian, but it has not been found 
in Oklahoma, while, on the other hand, the sea transgressed over 
northern Georgia and Alabama, where the Oriskany sandstone, 
only 20 feet thick, successively overlaps the older formations from 
the Middle Cambrian to the late Ordovician. In addition to the 
Oriskanian limestones of the Gaspe Peninsula, rocks of this stage 
are found in Nova Scotia and New Brunswick and northern Maine, 
in \vhich State they are enormously thick, 5000 feet. 

The Lower Devonian of the Maritime Provinces, and especially 
of Maine, shows clear indications of an invasion of the Coblenzian 
fauna of Europe, from which may be inferred the existence of 
a land bridge across the North Atlantic, affording the necessary 
conditions for the migration of the shoaLwater animals, ^^The 
evidence then is fairly conclusive that during the period repre- 
sented by the Coblenzian-Oriskany, the arenaceous epicontinental 
sediments was the ground traversed by the Coblenz fauna west- 
ward along the North Atlantic continent,^’ (Clarke.) 

Very extensive changes characterized the Middle Devonian; 
the Cumberland Basin was elevated into land at the end of the 
Oriskany, and in eastern New York we have only the coarse sands 
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and grits of the Esopus (which may be a phase of the Oi'iskany) 
and the Schoharie^ but the Interior Sea was once more established, 
with a restricted area, and not improbably connecting with the 
Gulf of St. Lawrence by way of the Connecticut valley trough. 
In it was accumulated the great Onondaga limestone, which 
extends from the Hudson River across New York into Michigan, 
and around what may have been the islands of the Cincinnati 
u.nticline into Indiana, Illinois, and Kentucky. Interpretations 
differ concerning the form and size of this Mississippi valley sea; 
according to one view, it extended southward to the Gulf of Mexico, 
while another makes it completely enclosed on the south and 
postulates a northern extension across Hudson’s Bay to the Arctic 
Sea. Another great invasion, called the Dakota Sea, which may 
have had no direct communication with the former, opened from 
the Arctic Ocean, where now is the mouth of the Mackenzie 
I^iver, and crossed British America, the Dakotas, Nebraska, 
and Kansas, sending a gulf into low^a, Minnesota, and northern 
Illinois and southern Wisconsm, and readying or pearhaps passing 
through Texas. This channel was bounded on the west by the 
extensive Archeean islands or edges of land constituting the eastern 
axis of the present Rocky Mountains.” (Williams.) However, 
another interpretation separates the Dakota vSea from the Mississip- 
pian by the width of the Great Plains, with a possible cross-con- 
nection in southern Canada, and includes all the eastern Onondaga 
in the Interior Sea, A third sea, the Cordilleran, covered much 
of the Great Basin, probably extending to the Pacific and con- 
necting on the north with the Dakota Sea. In the northeastern 
part of the continent the Gaspe area was converted into a coastal 
iagoon, into which great masses of sand were swept by rapid 
streams; these sands contain numerous land plants. A remnant 
of one of the old channels is marked by a coralline limestone in 
northern Vermont. 

The Onondaga limestone is largely a coral formation, and in 
some places the reefs are still beautifully preserved, as in the 
■ famous example at the Falls of the Ohio, above I^ouisville, Ky. 
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limestone fojrmation on such a scale implies the very general 
absence of terrigenous sediments from the epicontinental sea5\ 
which may be interpreted as due in part to the base-levelling 
of the surrounding lands. 

A change of conditions in the northeastern, bay of the Interior 
Sea, probably the elevation of the land and resulting re jiiven alien 
of the streams, checked the accumulation of limestone and brought 
in great quantities of mud and silt (MarcMus bx\A Bam 
though in the Mississippi valley limestone-making still went on, 
and even in New A'^ork thin limestones occur here and there in 
the great mass of the Hamilton shales. At Gaspe continen- 
tal sedimentation continued, and there the Eri an series is repre- 
sented by a very thick mass of sandstones, bearing fossils of land 
plants, and showing occasional brief incursions of the sea. In 
New Brunswick and Nova Scotia are sandstones and shales. 
Western Maryland and the adjoining parts of the Virginias were 
again submerged, but this time -apparently by an expansion of 
the Interior Sea, that seems to have covered part of the old Cum- 
berland Basin, which had emerged at the end of the Oriskanian, 
In the West the seas remained much as they had been during 
the Onondaga; indeed, the difference in interpretations of the 
latter stage, referred to on the preceding page, is chiefly a question, 
of distinguishing Hamilton from Onondaga. A depression sub- 
merged the coast of British Columbia up to Alaska. 

The Upper Devonian has much the same distribution as the 
Middle, but the Interior Sea appears to have lost its connection 
with the Gulf of Mexico and to have become joined with the 
Dakota Sea, while here and there in the Mississippi valley, the 
Upper Devonian overlaps older rocks where the Lower and 
Middle are absent. The Tully stage is a locally developed lime- 
stone in New York, which is of interest as corresponding to the 
Ctihoides zone in the Rhenish section; both contain the very wide- 
spread brachiopod species, Hypothyris culmdes^ a very useful 
guide or index fossil, as marking the base of the Upper Devonian. 
The Genesee is a mass of black shales, which increases in thickness 
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from Lake Erie to central Pennsylvania, where it is 300 feet thick, 
and is succeeded by the Portage, wdiich is largely arenaceous. 
The Portage exceeds 1000 feet in thickness. In western New 
York botli the Genesee and the Portage have embedded in 
them a limestone which carries a highly interesting assemblage 
of animals called the ‘^Naples Fauna.’’ This has very little in 
common with that of the Hamilton, but is well marked in many 
parts of the world. (Figs. 2 55*“6, pp, 522-3.) The migration path 
of this pelagic fauna has been traced toward the Northwest through 
Manitoba into Siberia, thence through Russia into Westphalia. . . , 
In New York, where its fauna became extensive, it was alien and 
short-lived.” (Clarke.) 

The Chemung is a great mass of sandstones and conglomerates, 
which reaches its maximum thickness (8000 feet) in Pennsyl- 
vania, thinning greatly to the westward. Indeed, the stages 
of the Upper Devonian given in the New' York scale, can seldom 
be recognized except in that State and in Pennsylvania. In Ohio 
the whole Upper Devonian is represented by the Ohio Shale, 
which varies from 300 to 2600 feet in thickness. The Catshill, 
which was originally regarded as a distinct series, is a very thick 
mass of sandstones, representing a facies of the Upper Devo- 
nian extending through the Senecan and Chautauquan epochs 
and, in Pennsylvania, into the earliest Carboniferous. These 
beds are believed to have been accumulated in a long and narrow 
estuary, running from eastern New York into Pennsylvania, 
where the beds reach a thickness of 7500 feet, and containing fresh 
water in part of its course. Areas of similar rocks, wdth fresh or 
brackish water fossils, occur in the Portage and Genesee and 
represent deposition in coastal lagoons. 

The Western Devonian indicates such a different succession 
of physical events, that its subdivisions can seldom be correlated 
with those of the East. Devonian strata are not known to underlie 
the Great Plains, and the Front Range of Colorado appears to 
have been a land area, for there Carboniferous strata overlap 
and rest upon Cambrian and Ordovician. On the other hand, in 



the plateau region, from Arizona to Montaim and along the 
Canadian Rockies are many Devonian outcrops, indicating that 
much or all of this region was submerged at one epoch or another 
of the period. Oscillations of level are also shown, as in the 
Grand Canon region, where thin and worn patches of Devonian, 
evidently remnants of a much thicker and more widespread mass 
lie imconformably upon Cambrian and below Carboniferous 
beds. In the Wasatch Mountains of eastern Utah the 
is represented by 2400 feet of quartzites and limestones, and in 
the Nevada trough, where deposition seems to liave been un 1 )rokcri 
2000 feet of shale and 6000 feet of limestone are assigned to 
system. Though the faunas differ notal.)ly from those of the East 
and have more affinity with those of EurQ])e and Asia, corres]>ond- 
ences with the Helderberg, Onondaga, and Hamilton have been 
observed. Affinities with the Old World are also shown by 
Devonian of northern and southern California, British Columbia, 
and Alaska. 

Like the rocks of the other Pakeozoic systems in North America, 
those of the Devonian are quite free from igneous intrusions, 
except in several widely separated localities. Contemporaneous 
lava flows are interbedded with the Lower Devonian shales 
northern New Brunswick, pointing to volcanic eruptions in that 
region, and the same is true regarding the Devonian of Nova 
Scotia, and that of northern California has beds of tuff and 
sheets. In central New York and various places in the West 
Devonian strata are cut by intrusions, but these may be 
Devonian in date. 

Comparing the rocks of the Ordovician, Silurian, and 
as these are developed in the Appalachian and adjoining regions, 
a certain rhythmic or periodic recurrence of events may be dis- 
covered among them. Each system is characterized by a great 
and very widespread limestone formation, the Trenton, Lockport- 
Guelph, and Onondaga, respectively, and in each the limestone 
is succeeded by shales or other clastic rocks, the Utica, Salina, and 
Portage, due to an increase of terrigenous material, and each 
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closed by a more or less ^Yidespread emergence of the sea-bottonn 
Each began with a subsidence which gradually extended to a 
maximum at the time when the great limestone was formed. 
The parallelisms are not exact, but they are certainly suggestive. 

Foreign. — The European Devonian appears in three different 
facies; one of these is the Old Red Sandstone/* which is largely 
of continental origin, and lies to the north. The second facies is 
of marine, shoal-water deposits and runs from Devonshire, through 
Belgium, the northern part of the lower Rhenish and the Iiart2; 
Mountains, to Poland; and the third, extending from northwestern 
France, through Germany to Bohemia, was laid clown in deeper 
water. On the other hand, great changes took place in the extent 
and depth of the Devonian seas, those of the Lower Devonian 
being far less extensive than those of the Middle and Upper parts 
of the period, as is also true of North America. 

The period began in Europe wdth an advance of the sea over 
the land in many places, reaching its maximum extension in the 
latter part of the period, but beginning to retire before the open- 
ing of the Carboniferous. This subsidence removed, the barrier 
which in Ordovician and Silurian times had separated the northern 
and southern seas, but was accompanied by the formation of 
dosed basins farther to the north. Europe then was largely an 
open sea with many islands, and where the waters were sufficiently 
clear and free from terrigenous sediment, coral reefs were ex- 
tensively formed. 

The marine Devonian occurs in the southwest of England, 
over large areas of Germany, in northwestern and southern France, 
and on an enormous scale in Russia. During the Silurian the sea 
had withdrawn almost entirely from* Russia west of the Ural 
Mountains. In the Lower Devonian the sea broke in from the 
north over Siberia, reaching far into central Asia. In the Middle 
Devonian a great basin was formed by the depression of central 
Russia, the sea advancing from the north and the east. Devonian 
limestones and great coral reefs occur in the Alps, as do lime- 
stones, shales, and sandstones of the same period in Spain and 
.PortugaL 
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The '^ 01(1 Red Sandst:one ’’ is of particular interest, because, 
owing to the peculiar circumstances of its formation, it has pre-'^’v.,, 
served a record of Devonian land life, which, though fragmentary, 
is far more com})iete than anything we possess from the more 
ancient periods. These strata were laid down in closed basins 
(sometimes, ])erhaps, in fresh-water lakes), whicli had only a 
restricted communication with tlie sea, and it may be that these 
accumulations were partly made by the wind, though there is no 
gypsum or salt in llie beds to indicate the prevalence of desert 
condit ions. T!ie Old Red is found in south Wales and the adjoin- 
ing |,>art of England, and on a much larger scale in Scotland; 
also in the Baltic provinces of Russia, where it is interstratified 
with beds of the marine Devonian; in Spitzbergeu and Green- 
land the same formation recurs. These sandstones are said to be 
10,000 feet thick, but according to some authorities, the lower- 
most part of them is Silurian. The Catskill of New York is very 
like the Old Red, and contains similar fossils, and the Old Red 
facies is found in northern New Brunswick on Chaleur Bay. 

The Euro})ean Devonian is full of the evidences of volcanic 
activity, in the shape of great lava-flows and tuffs. In central 
Scotland the volcanic accumulations exceed 6000 feet in thickness. 

Besides the Devonian areas already mentioned in Asia^ rocks 
of this system are found in China, the Altai, and in Asia Minor. 
They recur in northern Africa. The Bokkeveld beds of South 
Africa are among the rare marine formations of that region, and 
these, which are Lower Devonian, thin away northward and die 
out within a hundred miles of the coast. Below the Bokkeveld, 
in the upper part of the Table Mountain sandstone, is a boulder 
clay witli striated boulders of evidently glacial origin, pointing 
to the establishment of rigorous climatic conditions in South 
Africa in the earliest Devonian, or perliaps late Silurian. In 
South America occurred a great transgression of the sea^ and 
Devonian strata form larger areas of the surface than those of 
any other Pakeozoic system. Shallow-water deposits are found 
in Peru, Bolivia, over large parts of Brazil, especially the basin. , 
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of the Amazon, and in the Falkland Islands. The Bolivian Devo- 
nian, which belongs to the lower and middle parts of the system, 
contains a very similar fauna to that of North America, and connects 
the latter with Brazil, the Falkland Islands, and South Africa, 

Kayser distinguishes two great marine provinces during the 
Devonian; (i) the Eurasian, which extended from Europe east- 
ward over northern and central Asia to Manitoba, Canada, and 
(2) the American, which reached from the United States to South 
America and thence to South Africa. 

Climate. — With the exception of South Africa, the distribu- 
tion of Devonian fossils leads us to infer that the climate of the 
period was, like that of the Ordovician and Silurian, generally 
uniform over the earth and without distinction of zones. 


Devonian Life 

The life of the Devonian is, in its larger outlines, very like that 
of the Silurian, but with many significant differences, which are 
due, on the one hand, to the dying out of several of the older 
groups of animals, and on the other, to the great expansion of 
forms which in the Silurian had played but a subordinate rdle. 

Plants. — The fossils show that in Devonian times the land was 
already clothed with a varied, rich, and luxuriant vegetation of 
the same general type as that whose scanty traces are found in 
Silurian strata. Ail the higher Cryptogams are represented, and 
by large, tree-like forms, as well as by small herbaceous plants. 
The bulk of the flora is composed of Femsj Lycopods, or Club- 
Mosses (especially the great tree-like Leptdodendrids) , and Eqid- 
setalesj or Horsetails. The highly important extinct groups, the 
Sphenophyllales and Cycadofilicesj which were already in existence, 
will be described from the more complete Carboniferous fossils. 
Besides these Cryptogams, we find representatives of the lower 

Helderberg. to, Tropidoleptns carmatus Conr , x 14, Hamilton, tt, Chemtes coranatus 
conr , X Hamilton, tz. Sirt^pkeodonta demissa Conr,, x 14* Hamilton. 13, jPHerznea 
Jlabdlnm Cont.*x Hamilton. 14, Platyceras dumostwt Conr., x Va,* Onondaga. 
1$, Maniicoariis oxy Clarke, x Vo* Portage. 16, Pkacops rma Green, x V4, Hamilton. 
*7, OdmiocepkalusstUmirus Eaton, x 14, Onondaga. 18, Teraiaspis grmdis Hall, x Via. 
Schohane. 19, Eckimearh p^metatus Hall, x ^ 4 , Hamilton. 
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Plate IX. — Devonian Fossils 

Fig, ij Edriocrinus sacculus Hall, x Oriskany. 2, Nucieocrznus vernettlt^ Troost, 
Xi, Onondaga, 3, Sprifer fuacropigurtts Conr , x^s, Helderberg. 4, S, dUjnnctus 
Sowerby, x internal cast of ventral valve, Chemung. 5, S* vtncrmtaius Conr., K 
inner view of dorsal valve, showing arm-supports, Hamilton, 6, VitiiUna pusiidosa HajI, 
X V'>> Hamilton 7, Afrj/pa reticjtlaris Linn., x Hamilton. 8, Hypothyrisi 
Hall, X %, Tuliy. 8/3!, The samej anterior view, 9, Gypiduld guleaia Dalman, X^ 
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kinds of flowering plants in the Gymnospermsj which presumably 
grew upon the higher lands. We shall meet this same flora in 
richer and more varied display in the Carboniferous period. 

Sponges are conspicuous elements of the Devonian fauna, as, 
for example, the Dktyospongidm in the Chemung. 

Coelenterata. — The Graptolites, which were so abundant in 
the Ordovician and had become much less common in the Silu- 
rian, are now almost extinct, only a few simple 
species occurring in the Lower Devonian. The 
Corals^ on the contrary, exj^and and multiply 
enormously both in numbers and in size. Most 
of the Silurian genera persist (though the chain- 
coral fJalysiies has become extinct), and many 
new forms are added. (Fig. 266) 

is an example of the solitary corals, and Phillips’' 
astma and Acervularla (Fig. 267) of the reef- 
buiiders. ■ ■ 

Echinodermata. — The Cystoids have become 
much rarer than before, and are on the point of 
extinction; the Blastoids (PL IX, Fig. 2) are still 
in the background, though locally abundant in a few places, and 
the. Echinoids have not yet become common; but the Crinoids 
and Star-fishes have greatly in- 
creased in number and variety. 

Important genera of the former 
group are CiiprcssocrimiSy Platy- 
crinm, Aciimerinus^ Dolatocrimis, 
etc. Edriocrinus (IX, i), a free- 
swimming crinoid, without a stem, 
bccUrs in the Helderbergian and 
Omkmy, The multitude of the 
‘ crinoids contributed largely to the 
huUditig up of the calcareous sea- 
on which they flourished. 

Artbropoda. — The Trilobites had already begun to decline 
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Fig, 267. — Acerviilaria davidsonl 
E. Hn X Hamilton of Michi- 
gan. (Rominger) 
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ill the Silurian, while in the Devonian the decline becomes much 
more marked, though they are still far from rare. New species 
of Silurian genera, like Phacops (IX, 16), Homalonotus^ Lichas, 
Addas pis, Odonfocephalus (IX, 17), etc., are the commonest, 
Teralaspis (IX, 18), is one of the largest and most curious of 
Trilobitcs. A characteristic of the Devonian Trilobites is the 
ornamentation of the margin of the head, as well as the extra- 
ordinary development of spines which many display on the head- 
and tail-shields. (IX, 17, 18,) 

The other Crustacea make notable progress in this period. 
The Fhyllocarida are abundant in the Upper and Middle Devonian. 
The first of the and of the lowg-idlleA Sdiizopoda 

make their appearance in the Devonian. The Eurypterids 
now attain their culmination in size, being actually gigantic 
for Crustacea, and some of them are as much as six feet long, 
ThQ gtnem {Eury pier us, Stylonurus, and Pterygokis) the 
same as in the Silurian. Insects, though still rare as fossils, are 
very much commoner than, in the Silurian; they represent both 
Orthopters and Neuropters, which are among the primitive groups, 

Brachiopoda. — As in the Silurian, Brachiopods continue to 
be the most abundant fossils, both in species and individuals; 
indeed, the Devonian is the cuiminating period of brachiopod 
abundance and variety; in North America at least it has many 
more genera than any other. Many Silurian genera have died 
out, but of others, like Orthis, Stropheodonta (IX, 12), Ortho- 
thetes, Atrypa (IX, 7), Choneles (IX, ii), and Productella, the 
species are more numerous. The most characteristic shells are 
those belonging to the genera Spirifer, especially the very broad 
''winged’' species (IX, 4, 5), Hypothyris (IX, 8), Athyris, Gypi- 
dula (IX, 9), Tropidoleptus (IX, 10), Vitulina (IX, 6), and those 
belonging to the still existing family Terebratulidm, of which 
Renssellaeria and Strmgocephahis are Devonian genera. . ■ 

Moilusca. — Bivalves and Gastropods are much as in the Silu- 
rian: examples of the former are Pterinea (IX, 13), Conocar- 
dium, and Gmmmysia, while larger species of the Gastropod 
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Euomphalus, and spiny Platycerids (IX, 14), are characteristic. 
A minute Pteropod, Styliolma^ is extraordinarily abundant in 
the Upper Devonian, forming limestone masses. The Cephalo- 
pods have been revolutionized; the wealth of Nautiloid shells 
which we found in the Silurian has been much diminished, though 
Orthoceras, Fhmgmoceras, Gomphoceras, and still per- 

sist abundantly in the Lower Devonian, while many other genera 
have disappeared. More significant is the first appearance of the 
Ammonoid division of the Tetrabranchiate Cephalopods, a group 
of shells which was destined to attain extraordinary development 
in the Mesozoic era. The Ammonoids are distinguished by the 
complexity of the sutures,’^ or lines made by the junction of 
the septa with the outer wall of the shell. In the Devonian Am- 
monoids, of which the Goniatites (IX, 15) are the common forms, 
the sutures are much less complex than in the Mesozoic shells. 
Another member of the group which is far more abundant in 
Europe than in America is Clyntema, the only Ammonoid in 
which the siphunde is on the inner side of the spiral. Bactrites 
has a straight shell, like that of Orthoceras, but with the complex 
sutures which show it to be an Ammonoid. 

Vertebrata. — One of the most characteristic features of Devo- 
nian life is the great development of the aquatic Vertebrates, 
which is so striking that the period is often called the “ Age of 
Fishes/’ So numerous and so finely preserved are these fossils 
that a satisfactory account may be given of the structure and 
systematic position of many of the genera. This great assemblage 
of fishes and fish-Iike forms, it should be remembered, was not 
someth^*ng entirely new in the earth’s history, but was rather the 
wondenul expansion of types which during the Ordovician and 
Silurian had remained rare and obscure. 

Of the Devonian Vertebrates none are more peculiar and char- 
acteristic than the Ostracoderms, which, though generally called 
fishes, really belong to a type much below the true fishes, being de- 
void of true jaws and of paired fins. The head and more or less 

the body are sheathed in heavy plates of bone, and the remainder 
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of the body and the tail are covered with scales* No trace of the 
internal skeleton is preserved, and it evidently was not ossified. 
The genus Cephalaspis of this group is curiously like a Trilobitc 
in app)earance, though, of course, the resemblance is entirely 
superficial. The head-shield is formed of a single great plate 
of bone, shaped like a saddler’s knife, with rounded front edge 
and with the hinder angles drawn out into spines; the eyes are 
on the top of the head and very close together. The body is 
covered with large, angular plates of bone, arranged in rows; 
a small median dorsal fin and a larger triangular tail-fin make 
up the locomotor apparatus. 


Fig. 268 . — Pterichihys testudinarius. Restored. Old Red Sandstone, (Dean 
after Smith Woodward) 


Pteraspis has a bony plate over the snout, a large shield on 
the back, and another on the belly, with rhomboidal scales cover- 
ing the rest of the body. 

A most extraordinary-looking creature is Fterichtliys (Fig. 26S), 
in which the head and most of the body are encased in heavy 
plates, the remainder in overlapping scale-like bones; the eyes are 
even closer together than in Cephalaspis, Dorsal and tail-fins 
are present and what appear to be pectoral fins. The pair of 
appendages referred to doubtless acted as fins, but they are not 
comparable to the paired fins of the true fishes, being merely 
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jointed extensions of the head-shield. These three genera, Cephal^ 
as pis f Pleraspis, and PterichtliySy have been selected as typos of 
the Ostracoderms, each one of which has several allies, differing 
from it in one or other particular. 

Of the true Fishes there is great variety in the Devonian, The 
Selachians are well represented, one of which is Cladoselache 



Fig. 269, — Cladoselache newberryi. Restored, X Vs- shale. (Dean) 

^ (Fig, 269), a small shark, from two to six feet in length, and the 
most primitive known member of the group. The Dipnoi^ or 
Lung-fishes, were important elements of the Devonian fish fauna. 
Dipterus (Fig. 270), an example of this group, is very like the 
modern lung-fishes, which have dwindled to three genera, one 



Fig. srio, Dipterus valenciemesi Sedg. and Murch. Restored. Old Red Sand- 
stone. (Smith Woodward after Traquair) 

in South America, one in Africa, and one in Australia. A re- 
■ markable series of fishes, the Arthrodira^ is very characteristically 
' Devonian. One of the best-known members of this group is 
the European genus Coccosteus (Fig, 271), in which the head, 

' back, and belly are covered with bony plates, but the rest of the 
'body is naked. This bony armour gives the fish something of 
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the appearance of the Ostracoderras, with which group it is often, 
though erroneously, classified. The backbone is represented by 
an unsegmented rod (the notochord, iY, Fig, 271), to which arches 
of bone are attached (i\r, Jf, Fig. 271). Paired ventral fins were 
present, but pectorals have not been found. The jaws were pro- 



Fig. 271. — Coccosteus decipietis hg. Restored, Old Red Sandstone. (Dean, after 
Smith Woodward) 


vided with teeth, which fuse into plates. In the uppermost Devo- 
nian of Ohio are found some huge fishes allied to Coccosteus^ but 
mudi larger and more formidable. The most important of these 
are Dinichthys and Titanicliihys^ the latter attaining a length of 
25 feet. 



Fig, 272. — iloloptychhis 7 iobUisumus Restored. Old Red. (Smith Wood- 
ward after Traquair.) The ornamentation of the scales is not shown 


A higher type of Devonian fish is that of the Crossopterygii^ an 
ancient group of which but two representatives remain at present, 
both of them African. These fishes, like the Dipnoans, have 
lobate paired fins (see Fig. 272), ix. the part of the fin belong- 
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ing to the internal skeleton is large and covered with scales, forni« 
ing a lobe to which the fin-rays are attached. Most of the Devo- 
nian members of the group have massive rhomboidal scales, but 
in others, like the scales are thinner, rounded, and 

overlapping. 

The most advanced fishes of the period are the Ganoid mem- 
bers of the Actinopteri, which from the Devonian until nearly 
the end of the Mesozoic era continue to be the dominant type of 
fishes. Nearly all of them have thick, shining scales of rhom- 
boidal shape. 

The Devonian fish fauna (using that term in a very compre- 
hensive sense) is thus seen to be a rich and varied one, includ- 
ing Ostracoderms, Sharks, Lung-fishes, Arthrodirans, Crossop- 
terygians and Actinopteri, each with many representatives and 
mostly of very curious and bizarre forms. While thus varied 
and plentiful, this assemblage differs from the modern fish fauna 
in the primitive character of the groups which are represented, 
and in the entire absence of the Bony Fishes {Teleosts)^ which 
now make up the vast majority of fishes, both fresh-water and 
marine. 

Amphibia. — Certain footprints which have been reported from 
the Upper Devonian of Pennsylvania, show that the Amphibia, 
the lowest of air-breathing vertebrates, had already begun their 
career; that is, if the correlation of the rocks in which these foot- 
prints occur has been correctly made. 


CHAPTER XXX 


THE CARBONIFEROUS PERIOD 

The name Carboniferous was given in the early part of the 
last century^ when it was supposed that every geological system 
was characteriiiecl ])y the presence of some peculiar kind of rock. 
We now know that this conception is erroneous, and that work- 
able coal seams have been formed in all the periods since the 
Carboniferous. It still remains true, however, that the latter 
contains much the most important share of the world’s supply 
of mineral fuel, upon which the whole fabric of modern industrial 
civilization is founded. The great economic importance of the 
coal measures has caused them to be most carefully surveyed in 
all civilized lands, a process greatly assisted by the innumerable 
shafts and borings which penetrate these rocks. One result of 
this gigantic work is, that the history and life of the Carbonifer- 
ous are better known than those of any other Pakeozoic period, 
though our knowledge is still very far from complete. 

The Carboniferous rocks are displayed in very different aspects 
or facies in the various parts of the continent and even in contigu- 
ous regions. New York no longer gives the standard scale, for 
tliat state has very little that is newer than the Devonian. For 
the eastern part of the country the sequence of strata in Penn- 
sylvania serves as the scale of reference, while a very different 
one is needed for tlie Mississippi valley. In the Rocky Mountain 
region, again, the character of deposition deviated markedly 
from what occurred in the East, and all over the far West the 
Carboniferous is almost entirely marine, without coal. Even in 
this region, however, the distinction between the Lower and 
Upper Carboniferous may be drawn* The following table gives 
R 6oq 
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the succession in iingland, Pennsyivania, and the middle West, 
Illinois, Missouri, Iowa, etc. 


CARBONIFEROUS SYSTEM 


England 


Pennsylvania 

Ardwick Series 


rMonougaheUi Stage 

Middle Coul 

Upper 

I Conemaugh Stage 

Gaunister Series 

Carbonif. 

1 Allegheny Stage 

Millstone Grit 


[^Potlsville Stage 

Yuredale Series 



Scaur Limestone 


r Mauch Chunk 

Series 

I.ower 

) Stage 

Limestone 

Carbonif. 

1 (Greenbrier) 

Shales 


fpocono Stage 


Mississippi Vallev 


Pennsyl- j Coal Measures 
vanian ( Millstone Grit 


Kaskaskia Stage 
St. Louis Stage 

Warsaw 
Osage T. . . 

„ ' Keokuk 

[Burlington 
Kinderhook Stage 


Distribution of the Carboniferous Rocks 

Ainericaix. — The Carboniferous is divisible into two sharply 
marked portions, the Lower, or Mississippian, and Upper, or 
Pennsylvanian, a distinction which is applicable in all the con- 
tinents in which the strata of this period have been carefully 
studied. 

In most parts of North America the Devonian passed so grad- 
ually into the Carboniferous that there is no definite line of division 
between them, but at Gasp^, and in Nova Scotia, New Brunswick 
and Maine, there was a time of upheaval and erosion toward the 
end of the Devonian, followed by a depression, in consequence of 
which there is an unconformity ]:)etween the two systems. When 
the Carboniferous period began, most of New York, New England, 
and eastern Canada were above sea-level, but the Gulf of St. 
Lawrence covered western Newfoundland, most of New Bruns- 
wick, and part of Nova vScotia, 

The Interior Sea expanded widely, probably covering nearly 
the whole of the Great Plains, and most of the old land areas of 
the. West and Southwest, which bad persisted through more or 
less of the Silurian and Devonian, were extensively submerged, 
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probably including all of Mexico and the nortliern part of Central 
America. West of the Rocky Mountains the Carboniferous is 
much the most widely extended of any of the Pakeozoic systems, 
the sea reaching through British Columbia, on both sides of the 
Gold Range into vSoutheastern Alaska. 

In consequence of this great transgression, the Carboniferous 
strata rest unconfonnably, ot sometimes in apparent conformity, 
upon all the older systems from the Pre-Cambrian to the Devo- 
nian. The Arctic coast of Alaska was submerged and several 
islands of the Arctic Sea, but the main portion of Alaska, which 
has great areas of Carboniferous rocks, appears not to have been 
invaded by the sea till Upper Carboniferous, or Pennsylvanian 
limes. According to Girly none of the known Alaskan faunas, 
except from the north coast, can be coniMently referred to the 
Lower Carboniferous. The typical Mississippian is certainl}) 
absent as far as evidence has come to hand, and but one occur- 
rence of a fauna definitely related to the Lower Carboniferous 
of California (Baird) has been found.’’ (Girty.) The fossils 
of the Baird steigQ in California are entirely different from those 
of the Interior Sea, and if actually contemporaneous with the 
latter, must have been separated from them by some barrier. 
The Great Basin sea appears also to have been separated for a time 
from, the Interior Sea, but communication was establislied before 
the end of the Lower Carboniferous. Over the Central States 
and the West, the Mississippian rocks are almost uniformly lime- 
stones/showing that this vast sea was clear and free from terrige- 
nous sediments, but probably of moderate depth. 

The northeastern portion of the Interior Sea was divided hy 
the islands of the Cincinnati anticline into two bays, the eastern 
one of which covered most of Ohio, western Pennsylvania and 
Maryland; and the western bay occupied the southern peninsula 
of Michigan and had Init a narrow communication with the first. 
The Appalachian valley trough has in its middle third a nearly 
or quite complete succession of the Devonian, but lacks the earliest 
Mississippian, indicating a brief elevation of this region. In the 
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South the eastern edge of the Interior vSea followed the line of 
the Appalachian fold probably into Virginia and there broke 
across the barrier and sent off some narrow sounds southward 
into the Appalachian Valle}^ 

In the Acadian province, comprising Nova Scotia, New Bruns- 
wick and Newfoundland, the Lower Carboniferous is remark- 
ably like that of Great Britain. In Nova Scotia, the Horton 
sandstone corresponds to the Caldferousof Scotland, and contains 
thin seams of coal ; it is followed by the ITwJ.var stage of marine 
limestone (= the British Scaur, or Mountain, Limestone) which 
contains beds of gypsum. The presence of gypsum shows not 
only that occasionally bodies of sea-water were shut off in closed 
lagoons, but also that an arid climate prevailed in the region. 

In eastern Pennsylvania the Lower Carboniferous has’^a maxi- 
mum thickness of 4000 feet, but thins rapidly southward and 
westward. The Pacawa is a thick, hard sandstone, which caps 
many of the mountain ridges; it follows down the Appalachian 
line, thinning as it goes. The area of maximum sedimentation may 
have received largely continental deposits. Under different local 
names, the Pocono extends to eastern Kentucky. The Maiich 
Chunk shales form the remainder of the Lower Carboniferous 
in northeastern Pennsylvania, where the thickest portion not 
imp)robably represents a great delta, and the prevalence of sun 
cracks is indicative of an arid climate, such as probably prevailed 
in Nova Scotia. In Maryland, West Virginia, and Kentucky, 
part of this series is composed of a marine limestone {Greenbrier^ 
Newman), The Lower Carboniferous of Virginia contains some 
workalile beds of coal, the false Coal Measures.’’ Ohio was a 
region of slow sedimentation; here the Lenver Carboniferous is 
formed by the Waverly series, which is divisible into seven stages, 
some of them carrying marine faunas, and is only 700 feet thick. 
In the Michigan bay were deposited the sandstones, grits, and 
shales of the Marshall series, followed by shales with some lime- 
stone and gypsum, whence we may infer that the bay was for a 
time converted into a salt lake and that the climate was dry, as 
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in Nova Scotia and Pennsylvania. The bay was soon again in- 
vaded by the sea, for a marine limestone overlies the gypsiferous 
beds. 

Southwest of these more or less completely enclosed bays, the 
Interior Sea was clear and free from terrigenous material, so that 
in it were deposited great masses of limestone (1500 feet maximum 
thickness) formed from a nujst luxuriant growth of corals, brachi- 
opods and crinoids. In the Central Slates many different stages 
and siibstages may be distinguished in these limestones, and 
evidences are not wanting of iluctiiating shore-lines. The Kbi- 
derhook extends farther mjrth than the Osage, while the St. Louis 
sea again extended northward. The Osage scries is remarkable 
for the extraordinary abundance and variety of its crinoids, un- 
equalled, perhaps, in the world. This produces a peculiar facies 
which is nearly confined to the Mississippi valley, but was ex- 
tended to the southwest, into New Mexico. “ But this condition 
appears not to have invaded other western parts of the Missis- 
sippian sea, where I believe, under uniform conditions, the Kin- 
derhook faunas persisted through Burlington and Keokuk [i.e. 
Osage] time without feeling, save in a subordinate degree, the 
influences which helped to differentiate the early Mississippian 
faunas of the Mississippi Valley.’^ (Clirty.) 

The Lower Carboniferous was brought to a close by a very 
widespread upheaval, which removed nearly the whole Interior 
Sea and resulted in a very general unconformity between the 
Mississippian and the overlying Pennsylvanian. In only a few 
areas does there appear to be a continuity of sedimentation be- 
tween them aiid in some of these there is reason to think that the 
conformity is apparent, not real. The Kaskaskia faunas are 
■ entirely wanting in the western portion of the Missis>sippian sea, 
but this should probably be interpreted to mean that the upper- 
most beds of the Lower Carboniferous were stripped away by 
denudation during the interval between the two formations, when 
$0 much of the continent was land. If this was not the case, the 
iv iipheaval must have affected the western portion of the Interior 
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Sea considerably before it drained the central and eastern portions. 
Some folding accompanied the iij>]icaval in certain areas, as in 
Iowa and northeastern Pennsylvania. 

After a time of quite prolonged erosion over a great part of the 
continent, a new series , of events was inaugurated. In Penn- 
sylvania an orogenic movement took place, raising the low-lying 
mud. jlats of tlic Mauch Chunk, but down-warping tlieir eastern 
bor(.icr into a long and, narrow trough which extended to Alabama, 
and in this trough a rapid sedinientation occurred, forming great 
bodies of gravel and sand, the Poitsville sUig(i, In southwestern 
Virginia there is, apparently at least, continuity of deposition 
from tlie .Mauch Chunk into the Pottsvilie. During the latter 
epo(.-h the Innigh continued to subside under its accumulating 
load of sediment and, from time to time, to transgress westward, 
in which direction the higher members of the series extend. The 
subsidence of the trough was intermittent, and fresh-water peat- 
bogs were established upon its surface, resulting in the formation 
of coal-beds, especially in the southern Appalachians, where the 
Pottsville is 6000 feet thick. The wmter which filled the trough 
varied in character; in the middle of the epoch marine faunas 
extend as far north as central West Virginia, but the northern por- 
tion appears to have been an estuary. Over the Mississippi valley 
the Millstone Grit and various sandstones with local names repre- 
sent the Pottsville, but the evidence of the fossil plants shows that 
the Millstone Grit is not a single bed, but that in different places 
it corresponds to different levels of the Pottsville. At the end of the 
age the sea covered much of the Mississippi valley, perhaps con- 
necting with the Mi(fingan basin, though this is doubtful, but it 
spread over western Pennsylvania and a great part of Ohio. It 
is highly probable that by this time the Pottsville sea swept across 
the Cincinnati arch in southern Kentucky and Tennessee so as 
to connect with the interior region.’^ (D. White.) 

In Arkansas the Pottsville, as shown by the fossils, is represented 
by a series of limestones, shales, and sandstones, which have till 
very lately been placed in the Lower Carboniferous, and so many 
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localities of Pottsville marine animals have been found over the 
West as to make it probable that the sea extended to Nevada 
(GiiTy), while in that state the same stage appears to be repre- 
sented by beds which contain a fauna transitional between the 
Lower and Upper Carboniferous. 

Though coal accumulation had begun in the Pottsville and 
even in the Mississippian, the time of its formation on the greatest 
scale was in the second half of the Upper Carboniferous. Vast 
areas of low-lying swamps bordered the InteriorSea, and in these 
vegetation flourished most luxuriantly. A very slow subsidence, 
often intermittent, allowed great thicknesses of vegetable material 
to accumulate, but frecpiently a more rapid sinking brought in 
the sea, or ])odics of fresh water over the bogs, killing the trees 
which grew there. We cannot yet determine how far the different , 
coal regions represent separate basins, and how far their separa- 
tion is clue to the subsequent removal of connecting strata, but 
even in connected areas we find great differences in the nature 
and thickness of the beds. This indicates that oscillations of 
level of different amounts took place in particular parts of the 
same basin. Thus, in one portion may occur a coal seam of great 
thickness, divided into two or more layers by exceedingly thin 

partings of shale. As we trace the coal seam in the proper 
direction, the partings gradually grow thicker, until, perhaps, 
they become strata, that intervene between very distinct and 
quite widely separated coal seams, each of which is continuous 
with the corresponding portion of the thick seam. The meaning 
of such a structure is, that while one part of the bog subsided 
very slowly, permitting the almost uninterrupted accumulation 
of vegetalilo matter, other portions sank more rapidly and were 
inundated with water, which deposited mechanical sediments on 
the surface of the submerged bog. 

Hardly more than 2% of the thickness of the coal measures 
consists of workable coal. The strata are mostly sandstones, 
shales, clays, and in some regions limestones, interstratifiied with 
numerous seams of coal of very varied thicknesses. This alter- 
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nation of coal with mechanical deposits docs not necessarily, or 
even probably, imply oft-repeated oscillations of level, but may 
be explained by assuming a general, slow, but intermittent sub- 
sidence. After each submergence, we may suppose, the move- 
ment was nearly or quite arrested, and the shallow water was 
filled up with sediment, until a bog could again be formed. Doul^t- 
less, movements of elevation also occurred at times, but the general 
movement was downward. In the Nova Scotia field are 76 dis- 
tinct coal seams, each of which implies the formation of a separate 
bog. Beneath most coal seams occurs what miners call the “ seat- 
stone or “ underciay,^*’ which is ordinarily a fire-clay, or it may 
be siliceous, but is always evidently an ancient soil. The under- 
clay is filled with fossil roots, from which often rise the stumps 
of trees that penetrate the coal seam, or may even extend many 
feet above it. The rock which lies on a coal seam is usually a 
shale, stained black by organic matter, but may be a sandstone 
or even a limestone, according to the depth of water over the sub- 
merged bog. 

v;- ;That coal is of vegetable origin is no longer questioned. Such 
a mode of origin is directly proved by microscopical examination, 
which shows that even the hardest anthracite is a mass of car- 
bonized but determinable vegetable fibres. On the other hand, 
there has been much difference of opinion concerning the way in 
which such immense masses of vegetable matter were brought 
together. Much the most probable view is, that the coal was 
formed' in position in great peat-bogs, added to, no doubt, by 
more or le.ss drifted material. The evidence for this view is to 
be found: (i) In the gi*eat extent and uniform thickness and 
purity of many coal seams, which we cannot acGount for in any 
Other way. Had the vegetable matter been largely drifted to- 
gether, it must have been contaminated with sediment and could 
hot have been spread out so evenly over great areas. This 
ol)3ection to the driftwood theory becomes all the stronger 
. when it is remembered that the process of converting vegetable 
matfor into coal greatly reduces its bulk, a given thickness of coal 


DISTRIBUTION OF THE CARBONIFEROUS ROCKS 619 

representing only about 7% of the original thickness of vegetable 
substance. Thus a ao-foot seam of coal implies the accumula- 
tion of neaiiy 300 feet of plants, and it is highly improbable that 
such a mass could have been evenly spread as drift over hundreds 
(or even thousands) of square miles, without a large admixture 
of mud or sand. (2) The very general presence of the underclay^ 
beneath coal seams points to the same conclusion. An underday, 
as \ve have seen, is an ancient soil, and is of just the same char- 
acter as that which we find under such modern j)eatd:)ogs as the 
Great Dismal s warap. 

The subsidence of the bogs and the deposition of sediments 
upon them gradually^ built up the great series of strata which are 
called the coal measures. The peat was thus subjected to the 
steadily increasing pressure of the overiying masses, which greatly 
aided in the transformation of the vegetable accumulations into 
coal. Where the coal measures have been folded, the still greater 
pressure, aided by heat, and perhaps by steam, has resulted in the 
formation of anthracite. The greater number of the Carboniferous 
bogs appear to have been covered by fresh water, though some 
were coast swamps, extending out into brackish or even salt water. 

On the other hand, it must be admitted that there are not a 
few cases to which the peat-bog theory does not apply, for example, 
to the small coal basins in the central plateau of France. The 
famous basin of Commentry is, according to Fayol, explained 
without difficulty by regarding it as a delta formation in a large 
lake. The coarse gravel was deposited in Jndined beds imme- 
diately at the mouth of a .swift stream, the finer sediment was 
carried farther out and the floating masses of vegetation still 
farther. The vegetable matter lx*camc water-logged and sank 
to the lake-bottom, where it was free from sediment. Such a 
case, however, has little bearing upon the great coal-fields. 

The workable coal-fields of North America, belonging to the 
Carboniferous system, are found in several distinct areas, some 
of which were doubtless separate basins of accumulation, while 
others have become disconnected by denudation. 
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(1) In the Acadian province the coal measures occur in the 
island of Cape Breton, Nova Scotia, and New Brunswick; in 
Nova Scotia they are of immense thickness, 7000 feet, with 6000 
feet of underlying conglomerate. The Coal Measures of Nova 
Scotia, the Upper Carboniferous, strongly resemble the type of 
develo])ment in central England. The immensely thick basal 
conglomerate is the Millstone Grit. A second basin of this prov- 
ince is near Worcester (Mass.), and a third extends through Rhode 
Island into southeastern Massachusetts The latter basins are 
metamorphic and yield a very hard anthracite. 

(2) The great Appalachian field has an area of more than 
50,000 square miles. It covers most of central and western Penn- 
sylvania, eastern Ohio, western Maryland and Virginia, and West 
Virginia, eastern Kentucky and Tennessee, to northern Alabama. 
In this field the measures are thinner than in Nova Scotia; the 
beds are thickest along the Appalachian shore-line, about 4000 feet 
in western Pennsylvania and 6000 in Alabama, thinning much 
to the westward. 

(3) In Michigan the measures are only about , 300 feet thick, 
and were doubtless laid down in an isolated basin. 

(4) The Indiana-Illinois field, which extends into Kentucky, 
is from 600 to 1000 feet thick. 

, (5) The lowa-Missouri field extends southward around the 
Palaeozoic island of southern Missouri into Arkansas and Texas. 
In Arkansas the Carboniferous system attains a greater thick- 
ness than an3^where else in North America, and all but an insig- 
niticant amount of this is Pennsylvanian. 

The two latter fields are separated by a very narrow^ interval, 
and almost certainly were once continuous; the Indiana-Illinois 
field was probably also connected with the Appalachian area 
across western Kentucky and Tennessee. 

' As the coal measures are traced westward into Kansas, Nebraska, 
,, and adjoining states, we find them dipping beneath strata of a 
very much later date* When they once more return to the surface, 
;as in the Rocky Mountain region, they appear under an entirely 
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new aspect, being here altogether marine and containing no 
coal. 

After the Pottsville age and during the formation of the Coal 
Measures, the Interior Sea was greatly restricted in the Mississippi 
valley by the broad, surrounding fringe of swamps and bogs, 
which the sea periodically invaded. The same succession of 
great swamps followed the Appalachian line into northeastern 
Pennsylvania and probably into southern New York, In eastern 
Pennsylvania the sea rarely came in during the formation of the 
coal measures, but once, at least, penetrated to Wilkes-Barrd 
Westward the Interior Sea probably did not extend to Nevada, 
as that of Pottsville time had done, but ended farther east along 
a line not yet determined. A shore-line in Colorado is indicated 
by the generally sandy and conglomeratic character of the Pennsyl- 
vanian rocks in that state, which have an eastern type of fauna. 
On that account, Girty has tentatively assumed that the line of 
division between the Eastern and Western provinces passes through 
western Texas, central or eastern New Mexico, western Colorado, 
and so on upward, in a northwesterly direction, following nearly 
the trend of the Rocky Mountains.’? 

The northw'estern arm of the Interior Sea was shifted eastward 
from the position it had occupied in the Lower Carboniferous, and 
apparently joined the Arctic Ocean instead of the Pacific, sub- 
merging nearly the whole of Alaska, except a broad, belt on the 
Pacific side, this belt of land continuing southward through 
British Columbia to Oregon. The area of the sea was somewhat 
diminished in southern and western IMexico and in Central America. 

The Carboniferous period in North America was, on the w^hole, 
a time of tranquillity, with oscillations of level and shifting of 
the boundaries of land and sea from time to time, such as have 
been described in the foregoing pages. A very general upheaval 
of the continent brought the Mississippian to a close and the suc- 
ceeding time of erosion was followed by some folding in the Ap- 
palachian region, the formation of the Pottsville trough and the 
renewed transgression of the sea. Volcanic action appears to 
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have been confined to the Pacific coast region; the Lower Car- 
boniferous of British Columbia is largely made up of volcanic 
materia], and vulcanism was manifested in the Upper Carbon- 
iferous of the coast from Alaska to California. In northwestern 
Kentucky and southern Illinois the Carboniferous rocks arc cut 
by dykes, but these may have been formed at a long-subsequent 
time. 

Foreign. — In Europe the Carboniferous system is developed 
in a very interesting way. In tlie western and central parts of 
the continent (and in Great Britain) the succession of strata is 
very similar to that of the eastern half of North America, while 
in Russia it has more analogy with the western half of our con- 
tinent. The changes of level which opened the period converted 
much of the Devonian seaTjed into land, but at the same time 
the sea broke in over many of the closed basins in which the Old 
Red Sandstone had been laid down. From the west of Ireland 
to central Germany, a distance of 750 miles, stretched a clear sea, 
free from terrigenous sediments, in which flourished an incredible 
number of corals, crinoids, and other calcareous organisms. From 
their remains was constructed an immense mass of limestone, 
having a thickness of 6000 feet in the northwest of England and 
of 2500 feet in Belgium. Above this great “ Mountain Limestone,^’ 
as it is called in England, come the coal measures. In Scotland 
the limestone is replaced by shore and shallow-water formations, 
such as sandstones, with some coal In the southwest of England 
and east of the Rhine in Germany, the Lower Carboniferous is 
’ represented, not by a limestone, but by a series of sandstones 
and slates, called the Cuhn^ with the coal measures above. In 
. Russia the order of succession is reversed, the productive coal 
beds being below and the great bulk of the limestone above, but 
there is some productive coal interstratified in the marine lime- 
frstones of the Donjetz basin in the south. This younger Carbon- 
iferous limestone is principally composed of shells of Foraminifera. 
i^Great areas of southern and eastern As''-* are covered by this 
limestone, which is also largely developed in western North 
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America^ extending as far east as Illinois, In southern Europe^ 
Spain, the south of France, the Alps, and the Balkan peninsula, 
the Lower Carboniferous is partly limestone and partly Culm, 
while the Upper is largely made up of the foraminiferal limestone 
associated with clastic rocks. In the Arctic Sea, Nova Zembla, 
Bear Island, Spitzbergen, and Greenland have Upper CarlxjniL 
erous limestones. 

The following table, from Kayser, displays the relations of the 
Car])oniferous beds in eastern and western FAirope; — 



Littoual and 
Lacustuin!' Facies 

Maionh Fac ies 

■ 

Upper 

Carboniferous. 

Productive 

Coal Measures 
(Western Europe). 

Younger Carboniferous or 
Fusulina Limestone 
t (Russia, etc.). 

Lower 

Carboniferous. 

Productive 

Lower Carboniferous 


Coal Measures 

Limestone 

Culm 

(Russia, etc.). 

(Western Europe), 

(Germany). 


In western Europe the Carljonifcrous period did not run such 
a tranquil course as in North America, but was broken by dis- 
turbances, of which the greatest were at the close of the Lower 
Carboniferous epoch, when the rocks were folded and upturned 
over extensive i^egions. These movements were accompanied and 
followed by volcanic outbursts, especially in Scotland, France, and 
Germany, and great eruptions occurred in China at the end of the 
period. 

In Asia are large areas of I^ower Carboniferous limestone and 
Culm, and of the Upper Carboniferous both the foraminiferal 
limestone and productive coal measures, China is one of the 
richest countries in the world in supplies of coal. Foraminiferal 
limestones of the Upper Carboniferous are found in Japan, 
Borneo, and Sumatra, 

Africa . — Carboniferous limestones are found in Morocco 
and the Sahara and Egypt. In the southern part of the canti- ' 
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nent no marine rocks of the period are known. In Cape Colony 
the Witteberg quartzites, which overlie the Devonian., have Lower 
Carboniferous plants, and in the Zambesi district near the east 
coast is a coal basin of Upper Carboniferous age, which has a flora 
like that of the higher Coal Measures of Europe. 

According to Freeh, the Carboniferous of Australia is confined 
to the Lower division and a])pears in the eastern half of the con- 
tinent, and in Tasmania. In the second half of the period was 
a time of elevation and erosion. 

In South America the Carboniferous is not nearly so extensive 
as the Devonian; the Lower Carboniferous is principally com- 
posed of sandstones, which in Argentina contain plants so simi- 
lar to those of South Africa and Australia as to indicate the 
probability of a land connection between these continents; lime- 
stones of this date have been reported from Chili. The Upper 
division, largely of limestones, has been found in Peru, Bolivia, 
and Brazil; in the latter it has a great extension in the Amazon 
valley and belongs to the uppermost part of the system. 

Climate. — The striking uniformity of the climate during the 
Carboniferous is indicated by the distribution of the fossils, more 
especially of the plants, which are almost the same in the Arctic 
and Tropical regions. The formation of coal in vast peat-bogs 
does not imply a tropical climate, but rather conditions of moisture 
and moderate temperature. In the Lower Carboniferous, aridity 
prevailed in northeastern America, and in the Upper, gypsum 
and rock-salt were formed east of the Ural Mountains. There is 
some evidence of an American ice-epoch at the end of the Lower 
Carboniferous. 

Cai?boniferous Life 

The life of this period is thoroughly Palaeozoic and continues 
along the lines already marked out in the Devonian, but there 
.are some notable changes and advances which look toward the 
Mesozoic order of things. 
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Plants.- — The Carboniferous vegetation is of very much the 
same character as that of the Bevonian, but owing to the peculiar 
physical geography of the times, the plants were preserved as fos- 
sils in a much more complete state and in vastly larger numbers. 
The flora is composed entirely of the higher Cryptogams and the 
Gymnosperms, no plant with conspicuous flowers having come 
into existence, so far as we yet know. By far the most abundant 
(.)f Carboniferous plants are the (Filicales) which flourished 

in multitudes of species and individuals, both as tall trees and as 
lowly, herbaceous plants. Many of these ferns cannot yet l)e 
compared with modern ones, because the organs necessary for 
trustworthy classiticatioii have not been recovered, and such are 
named, in accordance with the venation of the leaves. In other 
cases the comparison with existing ferns may be definitely 
made, and these remains show that many of the modern families 
{Marattiacece^ Ophioglossacecej etc.) had representatives in the 
Carboniferous forests and swamps. 

Even more conspicuous, though much less varied, were the 
Lycopods (Lycopodiales) the remarkable cliaracter of which has 
been elucidated by the long-continued and laborious efforts of 
many investigatorsi While the Ferns have remained an important 
group of plants to the present time, the Lycopods have dwindled 
to a few insignificant herbaceous forms, but in Carboniferous 
times they were the abundant and conspicuous forest trees, at 
least of the swampy lowlands. One of the most characteristic 
of these trees was Lepidodendron (PI. X), of which many species 
have been found in the coal measures. These great club-mosses 
had trunks of 2 or 3 feet in diameter and 50 to 75 feet high, which 
possessed the remarkable quality, for a Cryptogam, of an annual 
growth in thickness. At a considerable height above the ground 
the trunk divides into two main branches, each of these again into 
two, and so on (dichoh^mous division). The younger parts of 
the tree are covered with long, narrow, stiff, and pointed leaves, 
while the older parts are without leaves, which have dropped off, 
making conspicuous scars, arranged in spiral lines around the 











Plate X— Caebonifekous Vegetation 

t^pidadendron^ central tree with cones, StgtUarm^ each side of 
VuftKS. right side, C(^rda-it$s^ left side on raised grot 

feni4,ike grow'th in foreground. 
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stem. At tbe ends of the twigs in some species, or on the sides 
of the trunk and larger Ijranchcs, in others, are found the sporc" 
i)earing bodies, whicli have much the appearance of pine-cones. 
The stem was, to a large extent, filled with loose tissue and had 
only a relatively small amount of wood. 

Another very characteristic and al>undant tree is SigiJlaria 
(PI. X); it is closely allied to Lepidodendron, but has a very 
different ajipcarancc. The trunk is quite short and thick, rarely 
branching, and with a pointed or rounded ti]), much as in the 
great Cactus; the leaves are similar to tlaise of Lepidodendron, 
but are arranged between vertical ridges. Sigillaria aisc> possessed 
the i)ower of annual increase in diameter. Both Lepidodendron 
ami Sigillaria arc provided with jjranching rhizomes, or under- 
ground stems, which carry finger-like appendages inserted into 
pits. Before the nature of these rhizomes was understood, they 
were regarded as distinct plants and named Sligmaria. 

A third group of Cryptogams, the EquisetaleSy or Horsetails, 
were of great importance in the Carboniferous forests. The 
Calamites were decidedly superior to the existing horsetails, not 
only in size, but in many features of organization as well. These 
plants had tali, slender stems divided by transverse joints, with 
a soft inner pith, surrounded by a i*ing of woody tissue, which 
grew annually in thickness. The shape and arrangement of the 
leaves differ much in the various genera, and even in different 
parts of the same ]dant; for example, they are needle-like in 
AsfrophyIlttcs\ while in Anmilaria tliey arc broad and at the base 
united into a ring around the stem, but some species of Anmilaria, 
at least, are probably merely the ]:)ranchcs of larger calamites. 
The shape, size, and position of the spore-bearing organs likewise 
differ in the different genera, but often resemble those of the 
modern horsetails. The base of the stem tapers abruptly, and 
is either connected with a horizontal rhizome or gives off a bundk 
of roots. Fragments of calamite stems are among the commonest 
fossils of the coal measures. 

The three preceding groups of Cryptogams all have represent^- 
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lives in the modern world, and one of them, the Ferns, is still 
abundant and varied. In addition to these, Carboniferous 
vegetation had two other cryptogamic classes of great interest, 
which are now extinct, and are not known to have passed beyond 
the Palseozoic era. Of these, the first is the class Sphenophyllalcs, 
a group of very slender, probably climbing and trailing plants, 
with small leaves varying in shape in different plants and different 
parts of the same plant. Some of the leaves, which are always 
small, are wedge-shaped, others are divided and others again are 
narrow and simple. The great interest of the class lies in the 
fact that it is intermediate between the horsetails and club-mosses, 
and doubtless its Carboniferous representatives were the sur- 
vivors of an ancient group which was ancestral to both club- 
mosses and horsetails. 

Even more remarkable is the class Cycadqfilices, which was 
extremely abundant in the Carboniferous forests and swamps, 
and which affords the long-sought transition between the flower- 
less and the flowering plants, connecting, as its name implies, 
the ferns and cycads. In external appearance of stem and foliage 
these plants most resembled tree-ferns. 

The Flowering Plants are still represented only by the Gym no- 
sperms, of which the dominant group is the Cordaitem (see PL X), 
which were slender, very tall trees, with trunks rising to a great 
height before branching, and bearing at the top a dense crown, 
composed of branches of various orders, on which simple leaves 
of large size were produced in great abundance.’^ (D. H. Scott.) 
The centre of the trunk was occupied by a large soft pith, and the 
leaves, with their parallel venation resembling those of lilies and 
grasses, were long, broad in most species, narrow in others, and 
either sharply pointed or bluntly rounded. The Cordaite^e had 
affinities with each of the three existing orders of Gymnosperms, 
the Cycads, Conifers, and Gingkos, but is not referable to any of 
: them. The three orders named may all have existed in the 
Carboniferous, but this is not definitely known. 

. The Carboniferous flora is merely the Devonian flora somewhat 
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advanced and divcrsifiedj and the forests were of the same glooni}^, 
monotonous character as ])efore. The wide distribution and 
uniform character of this llora are very remarkable; we find the 
same or nearly allied species of plants spread over North America, 
Europe (even in the polar lands, like Spitsbergen and Nova 
Zembla), Siberia, China, the Sinai peninsula, Brazil, Australia, 
and Tasmania. 

Foraminifera. — For the first time these animals assume con- 
siderable importance in the earth’s economy. Many genera 
which are still living had representatives in the (kirlioniferous 
seas, ])ut the most conspicuous and abundant is the extinct Fiisii- 
Una (XII, I, I a), a very large kind, witli shells resembling grains 
of wheat in size and shape. This genus is especially developed 
in the Upper Carboniferous, while Sekwagerina characterizes the 
uppermost part of the system. In the Salem limestone of Indiana, 
a well-known building stone, of theMississippian series, Endotkym 
(XI, i) is abundant. 

Sponges are common, though rarely found in good preservation. 

Ccelenterata. — Corals were abundant, and contributed largely 
to the limestones; the genus Lithostrotion (XI, 2), which is peculiar 
to this period, plays a very prominent part. Lophophylhm is found 
in the Upper Car])oniferous. 

Echinodermata make up an exceedingly important part of the 
Carboniferous marine fauna. The Cysioids have disappeared, but 
the Blastoids have developed in great numbers, and are highly 
characteristic of the Carboniferous limestones. As the group is 
entirely extinct and does not pass beyond the Carboniferous sys- 
tem, its structure has much that is problematical about it. The 
delicate, symmetrical body, or calyx ^ which is carried on a short 
stem, is composed of a small, definite number of plates, and has 
five pseudo-ambiil acral ” areas, which look much like the am- 
bulacra of a sea-urchin. In exceptionally well-preserved speci- 
mens numbers of delicate pinnules are attached to these areas. 
The must abundant genera are Pentremites (XI, 4-5) and Grana* 
tocrims. 
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PLATE XL— -Lower Carboniferous Fossils 

Rn^ihyra haileyi Hall, X 9, St. Lonis, side and end views. 2, Rithostnh 
ts-e,- Castelnau, x St. Louis, 3, Rvtrocfwcrinus christyi Shtunatd, x %, 
4, Penii^^nntes ehngaius Shumard, X i, Burlington, s, P, comi'deus Hall, 
^^M^hniies muliid>orm Norwood and Owen, X%, St Loui^* 7, Archi* 
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All other Echinoderms of tlie Carl)oniferous seas were utlcrl;y 
insignificant as compared with tlie CrinoidSy winch reacli theil 
culmination of development in this period: more than 600 species 
have been described from the Carboniferous limestones of North 
America alone. Certain localities, such as Burlington (la.) and 
Crawfordsville (Ind.), are famous for the vast numbers and ex- 
quisite preservation of their fossil sea-Iilies. The crinoid remains 
occur in such multitudes that in many places the linn^stones are 
principally composed of them; in such places they must have 
covered the sea-bottom like miniature forests. But this extraor- 
dinary abimdance is not general over Norih America, but 
characterbes the Central Stales only and Mississippian lime, 
especially the Osage. AIT the Carboniferous Cnnoi<is, like those 
of the earlier periods, belong to the extinct order Cameraia^ none 
of which passed over into the Mesozoic era. Of the long list of 
Crinoids found in the rocks of this system may be mentioned 
AdinoermuSi Platycriniis^ ^ Eutrochocrinus {XI, 3), 

OnychocrinuSj Msiocrmiis^ 2,n^ Etipackycrimis (XII, 2). 

The EchinoidSf or sea-urchins, are still far less abundant than 
the Crinoids, but they are much more numerous and varied, and 
of larger size than they had been before; some, indeed, are as 
large as any sea-urchins that are known from any period. The 
Carboniferous sea-urchins are, like those of the preceding periods, 
members of the anc ent and now extinct subclass, PaUeednnoidea^ 
and the commonest genera arc Mclonites (XI, 6), Oligoporus^ md 
Arch(Coridaris. In addition to these should be noted the pres- 
ence of the modern subclass, Kticchinoideii^ as the ancestor of 
the still existing genus Cidaris is reported fnun the Carboniferous, 

Hic first known llolothuroideUj or sea-cucumbers, dale from 
tins period. 

Arthropoda. — The Trilobites have become rare and are soon 
to die out altogether; most of the species belong to the peculiarly 


ntedes w^rthem Hall. Keokuk, S, S^irt/er ^rimesi Hall, )< Vit I^urUngton. *, 

o, Reiicnhria fisfudolineata Hall, x ^ 4 * Keokuk. lo, Syrtng'oihyris suhcusjiimatuSt 
Hall, Keokuk, Prodnetus magnus Meek & Worthen, x V4, Keokuk. Brancoeiirm 
ixion Hall, x ^4, Kiuderbook. 13, i3rt, Prodroftrites prmma,turus Smith and Weller, 

X side and end views, 14, PeM&dus iingnifer Newb. and Worth,, X Kaskaskla, 


ililiiii 

illlB 

liiillii 

Hliliiii 


W0PSIm 


IIIU 

sss 


mmmii 




II 








633 


THE CARBONIFEROUS PERIOD 


Carboniferous genera Phillipsia (XII, 21) and Griffithides^ but the 
Devonian Proelus still persists- The Eiirypierids continue, even 
into the coal measures, where they lived in tlie fresh-water swamps, 
but they cannot compare in size or numbers with the great Devo- 
nian forms. The horse-shoe crabs arc represented by Prestwichia. 
Phyllopods and Osfracods are abundant, and in the coal measures 
are found crustaceans formerly incorrectly referred to the Decapods, 
which they resemble; of these Anthraco pakemon is the best-known 
genus. 

Centipedes and Scorpions are much commoner than in the 
Dev-onian, and the lirst of the true Spiders are found here. Insects 
likewise show a great increase in numbers, though the Orthopters 
and Neuropters are still the principal orders represented. Many 
of the Carboniferous insects are remarkable for their great size, 
some of them measuring 30 inches across the extended wings, 
and more remarkable is the fact that several insects of this period 
had three pairs of wings, corresponding to the number of legs. 
The character of the vegetation has a very direct influence upon 
insect life, and the monotonous, flowerless Carboniferous forests 
could not have supported butterflies, bees, wasps, ants, or flies. 
No insects of these groups have been found in the rocks of that 
system, and it is not yet certain whether even beetles were then 
in existence. 

The land life of the Carboniferous seems to be very much more 
varied and luxuriant than that of the Devonian, and it probably 
was so in reality. It must be remembered, however, that the im- 
mense development of fresh-water and marshy deposits in the 
Carboniferous was much more favourable to the preservation of 
such fossils than any conditions that the Devonian had to offer. 
Part, at least, of the striking difference in the terrestrial fossils of 
the two periods is to be accounted for in this way. 

snhmm4rnta % y^. ApiC7i.lopectni vccideftiahs i^hxm'axd^ X ti,y Bake- 

vHlia parva Meek and Hayden, x a, PbrmiaK. 15, Pleuraphorus suhctmeatus M. and 
H., X I, Permian. r6, P&mdojmuctisi hawui M. and H., x Permian. 17, Bellerdphon 
pfrearinatus Conrad, x j. 18, Plenrotomaria sph<eruiata Conn, x iq, 19(7, Sirapa- 
roUus prcnodosiis M. and W., X 20, Waagenoceras X Vg, aoa;, The 

&amcy a suture Permian, ai, Phillipsia major Shutnaxd, X 





Plate xn.~* Upper Carboniferous and Permian Fossils 

Upper Carboniferous. Fig t, Fusidina cyUndru'a Fischer^ x 5/4. i®, P, secalie 
Vai longitudinal sectiotn a, Rupackycrinua x^erruiosus White and St, John, X 3,, 
mloim Hall, X 4, Meekella strmiocositata Cox, x 5, ChmtaUs ven 

Norvsrood and Pratten, X 2. 6, Pr&dnctns costatus Sowerby, x 7, <»d: 

Morton, x ^ 4 * S, Seminuia argeniea Shephard, x 9 Dielasina bovidtns W 
10, Pugtmx ut(i Marcou, x 2. 11, Monopteria longispina CoX, X la, , 
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The Bryozoa become much more important than they had 
been before, and contribute materially to the formation of the 
limestones, A characteristic Carboniferous genius is the screw- 
shaped Archimedes (XI, 7), while Fenestella continues to be very 
abundant. 

The Brachiopoda have undergone a marked diminution, as 
compared with those of the Devonian, though they are still very 
common. Genera of long standing, like Airy pa and Peniamerus, 
have died out, but others, like Chonetes (XII, 5), Spirifer (XI, 8; 
XII, 7), and Rhynchonclla ^ are still represented, but most im- 
portant of all the Carboniferous genera is Productm (XI, ii; 
XII, 6), which has a very large number of species, among them 
P. gigantetiSi the largest known brachiopod. Syringothyris (XI, 
10) and Reticularkx (XI, 9) are allies of Spirifer; while Meekella 
(XII, 4) and Derhya (XII, 3) are extreme developments of the 
Strophomenoid stock, of Ordovician origin. The genus Tere- 
hratula, which became exceedingly abundant in the Mesozoic 
periods, has its beginning in the Carboniferous genus Dtelasma 
(XII, 9), though we have already found the family represented 
in the Devonian and Silurian. 

Mollusca. — The Bivalves are somewhat more abundant than 
in the earlier periods. Examples' of these are Aviculopecten 
(XII, 13), Monopteria (XII, ii), and Myalina (XII, 12). Of Gas- 
tropods, the same genera that occur in the Silurian and Devo- 
nian are continued into the Carboniferous, such as BcUerophon 
(XII, 17), Euomphahis, Pleurotomarta (XII, 18), Loxonema^ Platy- 
cerasj with the interesting addition of the most ancient land- 
shells yet discovered. The genus Conularia^ referred to the 
Pteropods, is common. Among the Nautiloid Cephalopods, Ortho- 
ceras still persists, but this group reaches its acme in the number 
and variety of the coiled shells, many of which represent new 
'J, genera, such as Cycloceras, Trigonoceras^ etc. These Nautiloids 
V have shells ornamented with prominent ridges or tubercles. The 
.'Ammonoids continue to be represented by Goniatites, but the 
'Carboniferous forms of this group, such as Brancoceras (XI, 12) 
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and Prodromites (XI, 13), display an advance over those of the 
Devonian in the greater complexity of their sutures, looking 
forward to the remarkable condition attained in Mesozoic 
times. 

Vertebrata. — It is in this group that the most marked advances 
of Carboniferous life are to be observed, and the imripient stages 
of Meso/.oic development are clearly shown. The extraordinary 
and bizarre Ostracoderms have become extinct, though the Arthro- 
dirans continue into the coal measures. 

The Selachians are numerous and varied, liaving develo])ed 
so enormously that they give the Carboniferous fish- fauna a very 
different aspect from that of the Devonian. Acanthodes is a small 
shark covered with a dense armour of exceedingly minute square 
scales, and the fins are supported by heavy spines along their an- 
terior borders. Another remarkable shark PI cur acanthus (a 
Permian species is shown in Fig. 279), which has many features 
in common with the Dipnoi, such as the shape of the tail, the 
character of the pectoral fins, and the bones Avhich form the roof 
of the skull, while the skin is naked. Isolated fin-spines and 
teeth show that many other kinds of sharks existed in the Car- 
boniferous, in some of which the teeth were converted into a 
crushing pavement, adapted for a diet of shell-fish. (See PL XI, 
Fig. 14.) 

The Dipnoi continue, though in diminished numbers, and 
their most prominent representative is the genus Ctenodus, 

The Crosssopterygians are much less abundant than in the De- 
vonian; the commonest American genus is Cmlacanthus, which, 
though unmistakably a member of this group, has assumed the 
form of a bony fish, and looks much like a chub. 

The Actinopteri are still represented only by the Ganoid cohort; 
these hold their own and even increase their numbers, many 
new genera replacing those of Devonian times. Eurylepis^ Palm- 
niscus, Eurynoiiis^ and Cheirodus are the best-known ‘genera; they 
are all of moderate size and in appearance are not strikingly dif^ 
,';jferent 'from:'modern;-'fishes.:'L.L:'-r::/r'':v''^^^ 


636 THE CARBONIFEROUS rERIOD 

The Amphibians^ which we have vSeen some reason to believe 
existed in the Devonian, are of greatly increased importance 
in the Carboniferous, At the present time the Amphibia are 
represented by the dwarfed and specialized frogs and toads, 
newts and salamanders, which give but an imperfect notion of 
the structure of the extinct members of the class. The Carbo- 
niferous Amphibia all belong to the extinct order Stegocephalia, 
in which the skull is well covered with a roof of sculptured bones, 
and which are of moderate or small size, not exceeding seven or 
eight feet in length and mostly much smaller. The backbone 
is not ossilied, the limbs are weak, the tail short and broad, and 
in many forms the belly is protected by an armour of bony 
scutes. An extraordinary number of genera of Carboniferous 
Stegocephalia are known, most of them like the Salamanders 
in shape, but some are elongate, slender, and of snake-like form. 
Examples are ArchegosaimiSfBranchiosaum^^^ Dendrerpeton, Ptyo- 
nius^ and many others. 


CHAPTER XXXI 


THE PERMIAN PERIOD 

The name Permian was given by Sir Roderick Murchison in 
1 84 1 to a series of rocks which is very extensively developed in 
the province of Perm in Russia. In North America the Permian 
followed upon the Carboniferous with hardly a break, so that the 
distinction between the two systems must be made entirely u]>on 
the fossils, which change very gradually, by drawing a somewhat 
arbitrary line of demarcation. In various countries there is no 
general agreement regarding the upper boundary of the Car- 
boniferous, and there are very great differences of opinion as to 
the correlation of the rocks of different continents, due chiefly 
to the want of an unbroken succession of fossils in any single 
area. The regions where the Permian beds are best known, 
Germany, England, and Russia, are not those w^hich yield the 
normal facies of marine life, and hence any correlation with the 
latter is full of difflculties, and in the following table of the American 
Permian, no comparison is attempted with that of other countries. 
In consequence of these uncertainties, many geologists, especiall]! 
in this country and in France, regard the Permian as a mere 
subdivision of the Carboniferous. Its relations with the overlying 
Triassic system are, however, nearly as close, and by some au- 
thorities it has been referred to the latter. The Permian is, on 
the whole, distinctively Paljeo^oic, but it has several features 
which mark it out as transitional to the Mesozoic. 

PERMIAN SYSTEM 

W. Texas E. Texas Pennsylvania 

^ . f Capitan Stage Double Mt. Stage 

Guadalupm Clear Fork Stage • 

1 Stage Wichita Stage Dunkard Stage 
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Distribution op Permian Rocks 


American. — Orogenic movements in the Appalachians had 
probably begun in the middle Carboniferous, as was seen in the 
folding which inaugurated the Pottsville trough, and toward 
the end of the Carboniferous there was in the low-lying Appala- 
chian coal-field a slowly progressive movement of elevation, re- 
sulting in the draining and drying up of most of the region over 
which the peat-bogs had been extended. The movement spread 
east, north, and south, leaving in the middle of the region a smaller 
area in which the conditions of the coal measures continued very 
much as befoi*e. In the northern part of the Acadian province 
Permian beds overlie the coal measures in Prince Edward Island, 
Nova Scotia, and New Brunswick. These beds are soft red shales 
and sandstones, which were laid dowm in closed basins, not in 
the sea. In Pennsylvania, Ohio, West Virginia, and Maryland, 
the Permian beds follow directly and without any break upon 
the Monongaheia stage of the coal measures: they were for- 
merly called the Upper Barren Measures, and consist of looo 
feet of sandstones and shales with some limestone and a few 
seams of coal. The character of these beds is entirely like that 
of the coal measures, to which they were once referred, and their 
reference to the Permian is due to the marked change which had 
come over the vegetation. South of West Virginia no Permian 
beds have been found in the Appalachian area, owing to the ele- 
vation of this part of the region at the close of the Carboniferous, 
but the Permian occurs in Illinois, in what appears to be a stream- 
, channel cut in the coal measures. 

As we proceed westward and southward through Missouri 
into Nebraska, Kansas, and Texas, we find the Permian assuming 
much greater importance, and becoming more and more promi- 
' , nently developed in extent and thickness. A study of this region 
reveals the fact that only a part — the lower — of the Permian 
; is developed in the Acadian and Appalachian areas. At the end 
. pf the Lower Permian the entire series of the coal measures east 
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of the Mississippi River was elevated and the deposition of strata 
apparently ended, though there is no way of determining exactly 
when this elevation took place, nor how great a thickness of beds 
has been removed by denudation since the upheaval. In the 
region beyond the Mississippi the Permian beds thicken south- 
ward, attaining in southern Kansas a thickness of 2000 feet, and 
in Texas of more than 5000 feet. The mountains of Oklahoma, 
which may have been raised late in the Garbonifercms or early 
in the Permian, separate the Texas and Kansas areas. 

During the greater part of the Permian period the geographical 
state of North America was somewhat as follows. Except for 
the coastal plain on the Atlantic and Gulf of Mexico, the eastern 
portion of the continent had very much its present limits, though 
the position of the eastern and southern coasts cannot be deter- 
mined. The coastal plain is deeply buried under deposits which 
are much younger than the Permian, and the continent may have 
extended farther into the Atlantic than at present, or the ocean 
may have extended more over the land. The Interior Sea was 
greatly changed both in extent and character from what it had 
been in the Upper Carboniferous, as is shown by the nature and 
distribution of its sediments. From most of the Mississip^pi 
valley the sea had withdrawn entirely, but still extended, as shah 
low and shifting waters, into southeastern Nebraska and Kansas, 
possibly into Iowa, and from eastern Kansas the line ran west- 
ward and southwestward across Oklahoma far into Texas. In 
the latter part of the period, lagoons were cut off from the sea and 
converted into salt and bitter lakes in which the salt and gypsum 
of Kansas and the gypsum of Oklahoma and Texas were pre- 
cipitated. Occasionally the sea broke into these lakes, bringing 
a marine fauna with it for a short time. 

The Wichita beds of Texas have two very distinct facies; in 
the north they are made up chiefly of fine red days, with some 
beds of sandstone, conglomerate and impure limestone. The i; 
days are principally river deposits made in a delta, or fblong 
very flat coast* but with marine conditions at intervals. 
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southward, these beds gradually merge into marine limestones 
which were originally named the Albany stage and placed at the 
top of the Coal Measures. The succeeding Clear Fork beds, 
which are chiefly clays like those of the Wichita, but cut by many 
channels filled with cross-bedded sandstones, extend southward 
over the marine limestones of the Albany facies, but even in the 
north thin layers of limestone containing marine fossils are indica- 
' tive of transgressions of the southern sea. Douhle Monn-^ 
tain l^eds are largely the deposits of a salt lake and contain much 
gypsum, without any marine fossils, though in Oklahoma beds of 
a corresponding horizon have a scanty fauna between and above 
the gypsum layers. 

Westward from Texas, the inland Permian sea extended over 
northern Arizona into southern Utah, where the beds are sandy 
shales, with much gypsum. The sea continued northward through 
eastern Utah, western Colorado, and probably east of the Rocky 
Mountains also, to the Black Hills and central Wyoming, forming 
an island in central Colorado. This immense body of water, 
or perhaps series of smaller bodies, was land-locked and salt, 
and in it were formed the characteristic Red Beds so widely 
distributed over the region mentioned, pointing to an arid climate. 
The Red Beds are not all Permian, however, and the rarity of 
fossils in them makes it often impossible to decide whether a 
given area of these beds should be referred to the Permian, 
to the subsequent Triassic, or to both. In southern Wyoming 
thin bands of sandstone and limestone in the Red Beds carry 
fossils very like those of the Kansas and Nebraska Permian, 
but the course of this marine invasion cannot yet be made out. 
Whether the Permian has been removed from the Great Basin 
by denudation, or never deposited over the greater part of it, 
is uncertain; but when this is determined, it will give the date 
of the upheaval of a land much of which had been submerged 
throughdii the Palaeozoic era. 

Another and altogether different facies of the North American 
• Permian is the purely marine development found in the mouur 
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tains of western Texas and on the Pacific coast, especially in 
Alaska, where more than 6ood'feet of marine Permian have been 
found in the region of the Copper River, The Pacific coast fossils 
differ strongly from those of the more eastern regions, and the 
fauna of western Texas shows affinity with the Mediterranean 
and Indian. 

Foreign, — In Europe, as in North America, the Permian is 
developed in two very distinct facies. Southern Europe, Sicily, 
and the Alps have almost purely marine rocks and faunas, which 
resemble those of the Texas Guadalupian series. In central and 
western Europe the disturbances which, in many places, occurred 
at the end of the Carboniferous and, in those areas, produced a 
marked unconformity between the Carboniferous and Permian, 
resulted in the formation of a great inland sea, extending from 
Ireland to central Germany. In this great salt lake were deposited 
masses of red sandstones, shales, and marls, a predominant colour 
which strongly suggests desert conditions, though the coal-beds 
of France and Bohemia and central Germany might seem to 
contradict this. Occasionally the ocean broke into this closed 
basin, but the invading marine faunas soon perished. In Ger- 
many the Permian is in two very strongly marked divisions, the 
Rothliegendcs, or Lower Permian, and the Zechstein, or Upper 
Permian, whence the period is, in that country, frequently called 
the Dyas. The very interesting discovery has quite lately been 
made in the lower Rot hliegendes of Westphalia in Germany of J 

undoubted and characteristic glacial moraines, resting upon a ] 

polished and striated pavement of Upper Carboniferous rocks. 1 

(G. Muller, 1901.) These moraines are not thick, about four -i 

feet, and suggest local rather than general glaciation, but in the - 

Midlands of England are boulder beds which apparently show 
ice-action, though here the evidence is less conclusive, for no \ 

striated glacial pavements have been found, and the , glacial 
hypothesis is not accepted by most geologists. ’ j 

The Lower Permian of Europe is remarkable for the great , 
masses of volcanic rocks, lava flows and tuffs, which it contains^ 1 
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and which occur in Great Britain, France, Germany, and the 
Alps. This is in strong contrast to the corresponding American 
series, which gives no evidence of vuicanism. 

Renewed disturbances at the end of the Lower Permian shifted 
the boundaries of the inland sea and changed its position, so that 
the Zechstein extends beyond the Rothliegendes and overlaps 
upon older rocks, and at the same time brought it into communi- 
cation with the ocean, permitting the ingress of marine animals, 
but the conditions of life were evidently unfavoura]>le, for the 
fauna is a curiously limited one, though a few species are individ- 
ually abundant, and in striking contrast to the varied faunas of 
the truly marine facies. Later, the sea withdrew, leaving salt 
lakes, in which enormous bodies of rock-salt were formed in north 
Germany, including layers of the salts of potassium and mag- 
nesium, already referred to in a previous shapter. (See p. 225.) 
Smaller deposits of salt extend over central Germany to Russia. 
Upper Permian beds with gypsum occur in England, but not in 
France, which has only the Lower. 

The Permian of Russia covers a very large area, but aside from 
typical Zechstein limestones on the Baltic coast, is quite different 
from that of western Europe; the principal area extends along 
the west side of the Ural Mountains to the Arctic Sea, and into ■ 
Nova Zembla and Spitzbergen. The transition from the under- 
lying Carboniferous is gradual, and the lower stage, the Artinsk, 

, corresponds to the Wichita of Texas. Non •’marine beds follow, 
which are again succeeded by a limestone with fossils like those 
of the German Zechstein, registering another invasion of the sea. 
The series ends with the Tataric stage, which is a sequence of 
red m.arls, passing upward without any apparent break into the 
overlying Triassic. The fossils of the Tataric stage are of peculiar 
interest and will be referred to again. Gypsum and salt in the 
non-marine beds testify to the aridity of the climate. 

; ,• In Asia the two facies of the Permian are again met with. The 
• marine fades occurs along a line w^hich extends the course of the 
Mediterranean eastward, in Armenia, Persia, northern India, 
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Tibet, China, and the island of Timor. In the central Himalayas 
Upper Permian rests upon the upturned and eroded Lower 
Carboniferous, and is conformably overlaid by Triassic beds. The 
Salt Range of northwestern India has a very full succession of 
the Middle and Upper Permian, the Froducius limestone, resting 
upon continental formations of the Lower Permian. At the 
base of the latter is a boulder clay of glacial or iceberg origin, 
which is an outlier of a great ground moraine that covers large 
areas in central India, and in places reaches a thickness of 2000 
feet. The smoothed, striated and characteristu'ally glacial pave 
ment upon which the boulder clay rests, has also been observed. 

It is certainly very remarkable to find glacial deposits formed 
on such a scale within the tropics and evidently at no great height 
above the sea-level The boulder-clay {Talchir) forms the base 
of the Gondivdna ^ysieiriy a succession of continental deposits, 
with much coal, laid down by apparently unbroken sedimenta- 
tion, and including the Permian, Triassic, and Jurassic systems. 
Northern Asia, has a widespread area of continental deposits, 
which are presumably Permian, and the Artinsk of Russia re- , 
appears in central Asia, but the continent was mostly above sea- 
level and the great seas of the Carboniferous had withdrawn. 

South Africa has a Permian development so closely parallel 
to that of India, that a direct land connection between the two 
regions may be confidently inferred. Extending almost across 
the continent from east to west in Cape Colony and Natal is the 
thick (1000 feet) glacial boulder clay of the Dwyka^ or Lower 
Permian. Part of the Dwyka is shale of subaqueous origin, 
but most of it is a mass of boulders, striated and faceted, em- 
bedded in a fine unstratified matrix. (See Figs, in, p. 231, 115, 
p, 233.) The formation extends northward, growing thinner on 
the way, into the Transvaal and perhaps into Rhodesia, and in the 
more northerly areas the underlying ice- worn pavement of older ■ 
rocks is exposed in a state of wonderful freshness (see Figs. 70 and ' 
275) entirely comparable to the recently abandoned beds of the; 
shrinking glaciers of the Alps. In South Africa, therefore, the , , 
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remarkable phenomenon of a continental glaciation in and near 
the tropics presents itself as well as in India, with the additional 
difficulty that in the former region the movement of the ice 
was from the Equator polewards. Following the Dwyka boulder 
clay are the continental strata of the Karroo system, the lower 
part of which is Permian and in the Transvaal coal-bearing, and 
which corresponds to the Indian Gondwana in character, in 
geological date, and in the contained fossils. 


Fig. 275. — Roche moutonmSe, exposed by removal of Dwyka boulder clay. 

Riverton, Cape Colony. (R. B. Young) 

The eastern portion of Australia and Tasmania, which had 
been land during the Upper Carboniferous, was largely sub- 
merged during the Permian, but Victoria on the south coast 
remained above sea-level and was glaciated, with the formation 
of the familiar ice-pavements and thick boulder clays, interstrati- 
fied with sandstones and shales. The Upper Permian is coal- 
bearing, as it is also in New South Wales, where the glacial series 
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is divided into two distinct parts by coal measures. The glacial 
beds occur interstratified with marine strata and some of the ice- 
made layers themselves contain marine fossils, which leads to the 
inference that the great blocks were deposited by icebergs rather 
than directly by glaciers. In Queensland and in northwestern 
Australia only the upper boulder succession is found, and the 
overlying coal measures are there also. The Australian ice move- 
ment was from south to north, as would naturally be expected 
in the southern hemisphere, but this makes the direction of move- 
ment in South Africa only the more inexplicable. In New Zea- 
land the Permian, which is reported to be 7-10,000 feet thick, 
contains neither coal nor evidence of ice-action, but includes 
lava-ilows, 

li\ South America Permian beds of continental origin are found 
in Argentina and southern Brazil. In the latter is a glacial boulder 
clay, followed by a great series of strata which resemble those 
of the South African Karroo system. 

The distribution of the Permian rocks and fossils leads to the 
inference that at that period the continents were so grouped as to 
form two great land masses, a northern indudingNorth America, 
most of Asia, and Europe, and a southern comprising India, 
equatorial and southern Africa, Australia, and South America. 
The existing southern continents were probably then connected 
by comparatively narrow land bridges across the site of the present 
Atlantic and Indian oceans. Between the northern and southern 
land-masses was the great continuous mediterranean, a sea which 
has been named “ Thetys ’’ (Suess) and of which we have found 
indications in Texas, Sicily, the eastern Alps, Asia Minor, northern 
India and southern China to the Pacific. That, land communica- 
tion was occasionally, at least, established between the northern 
and southern lands is evident from the distribution of the land 
animals and plants of both regions. 

Climate. — The plain and obvious inferences from the character 
of the Permian rocks are so remarkable and inexplicable that 
they were long received with incredulity and they offer a series 
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of fascinating problems for which no solution can yet be found. 
The earliest Permian in the southern hemisphere was a time of 
vast glaciation and of rigorous climate, as is convincingly shown 
by the boulder clays and ice pavements of Australia, South Africa, 
and South America. In the northern hemisphere the glaciation 
was extensive in peninsular India, apparently local in Germany 
and perhaps in England. In several regions, as in West Virginia, 
France, Germany, and Bohemia, there are workable coal measures 
in the Lower Permian, but arid conditions established themselves 
over all parts of the northern hemisphere where Upper and 
Middle Permian rocks are found, western North America, Texas, 
Kansas, England, Germany, and Russia. The extreme conditions 
of desert climate are registered in the great bodies of gypsum and 
rock-salt which characterize so much of the Permian areas. 

What can have caused these climatic vicissitudes and especially 
the development of continental ice-sheets so near the Equator 
and so little above sea-level, is a problem for which many solu- 
tions have been propounded, but none of them is convincing. 

Close of the Permian. — The late Palmozoic witnessed mountain- 
making disturbances on an almost world-wide scale, extending 
from the middle Carboniferous to the middle of the Lower Permian. 
In central Europe and Spain vigorous folding took place at the 
end of the Lower Carboniferous, but the most important and 
widespread disturbances occurred in the Permian. In North 
America low folds were formed in the Appalachian trough from 
time to time all through the Paheozoic, the evidence of which is 
the upheaval of the barriers described in the preceding chapters, 
which separated the Interior Sea from the changing bodies of 
water, such as the Cumberland Basin, on the east. A more 
^ energetic disturbance, with some mountain building, inaugurated 
: the Pottsville age of the Upper Carboniferous, and this disturb- 
ance culminated at the end of the Permian in one of the greatest 
. geographical revolutions which the history of North America has 
recorded. With the exception of the mountain making at the 
dose of the Ordovician, the Palaeozoic era in North America had 


CLOSE OF THE PERMIAN 


647 


been a time of slow, even development, with many oscillations of 
level, but with few violent disturl^ances, and with singularly few 
manifestations of volcanic activity. A little more land was added 
to the northern area during each period, but, so far as ^ve can trace 
it, the geography of the Ordovician does not seem to have been 
very different from that of the Carboniferous. Throughout this 
long era the Appalachian geosyncliiie had been sinking, though 
with many shifts and oscillations, under an ever-increasing load 
of sediment, until the great trough contained a tliickness of 25,000 
feet or more of strata. Eventually the trough began to yield to 
lateral compression, and its contained strata were thrown into 
folds, or fractured by great overthrusts. Thus, in place of 
a sinking sea-bottom along the shore of the great Interior Sea, 
rose the Appalachian Mountains, which in their youth may have 
been a very lofty range, rivalling the Alps in height. This range 
extends from the Hudson River to Alabama ; another range from 
Newfoundland to Rhode Island, and a third, the Ouachita Moun- 
tains of Arkansas, are attributed to the same set of disturbances, 
which thus made themselves felt for a distance of 2000 miles. 

Though the entire continent felt the effects of this revolution, 
they are less obvious in the West. On the western side of the 
Rocky Mountains a great unconformity is found between the 
Permian and Triassic members of the Red Beds, ‘‘‘There are 
reasons to suppose that this hitherto unrecognized break is wide- 
spread, and explains many discordant features of various Red- 
bed sections, not only in Colorado, but in the adjacent Plateau 
province.” (Cross.) The Great Basin region, which had been 
submerged through nearly the whole Palfeozoic era, became land, 
and at the present time the surface rocks over most of this region 
are Carboniferous. It is, however, probable that the Permian has 
been stripped away by denudation, as it has been over nearly all 
of the northern plateau of Arizona. 

Comparatively soon after the eastern part of the Great Basin 
had thus been converted into land, the ancient land area of its 
western border was depressed beneath the sea. It is probable 
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that these two movements w^ere connected, though they may 
have been separated by a considerable interval of time, In Ne- 
vada west of 1 1 7® 30' W. long, no Palieozoic rocks have been 
found, and the Trias rests directly upon the Archaean. 

However they may be explained, the geographical revolution 
w^hich closed the Palaeozoic era wets accompanied by the most 
profound and far-reaching changes wdiich have ever occurred in 
the recorded history of life, after which we find ourselves in a new 
world. It is probable that the change w^as a relatively rapid one, 
but there are sufficient connections between the faunas and floras 
of the two eras to show that the later were derived from the earliei*, 
and that the gaps are due to the imperfections of the record. 

Permian Life 

We have to note, in the first place, that the animals and plants 
of the Permian are transitional between those of the Pafeozoic 
and those of the Mesozoic eras. Here we find the last of many 
types which had persisted ever since Cambrian times, associated 
with forms which represent the incipient stages of characteristic 
Mesozoic types, together with others peculiar to the Permian. 

Plants. — The flora of the Low^r Permian is decidedly Palaeozoic 
in character, and that of the Upper Permian as decidedly Mesozoic, 
so that if the line dividing these two great eras were drawm in 
accordance with the vegetation, it would pass through the Per- 
mian. Even in the Lower Permian, however, the change from the 
Carboniferous flora is a marked one, a change which may be 
largely explained by the increasing aridity of the climate. The 
great tree-like Lycopods, Lepidodendron and Sigillaria, which 
were so abundant in the Carboniferous forests, have become 
very rare; none of the former genus and only two of the latter 
have been found in the Upper Barren Measures of Pennsylvania 
and West Virginia. The Calamites continue in hardly diminished 
numbers and importance. The Ferns are exceedingly abundant 
and varied, and tree-ferns seem to be more common than they 
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had been before. Especially characteristic genera of these plants 
are Pecopteris, CalUpteris (Fig. 2^6), Cymglossa, Neuroptcris, 
Sphenopteris (Fig. 277), etc. The Gymmsperms mark a notable 
advance; in addition to the 
ancient CordaiteSy are true 
Cycads and Conifers; of the 
latter are found yew-like 
forms, Wakhiaf Saportcca 
with leaves nearly four 
inches wide, and the Ging- 
koacece are probably repre- 
sented by Baler a. 

In the Upper Permian, 

Lepidodendron, Sigillaria, 
andCalamites are quite un- 
known, though probably a ^^--Campurhconferiayirn^. 

few stragglers still existed, 

and the flora is made up of Ferns y Cycads y GingkoSy and Conifers^ 
the Angiosperms still being entirely absent. 

The Permian flora of the southern 
land mass differs notably from that of 
the northern continents md is charac- 
terised especially by the broad-leaved 
ferns, Glossoptcris (Fig. 278) and 
Gangamopterisy whence this is often 
called the “ Gldssopteris Flora, 
gether with the cosmopolitan Calli- 
pterisy the Conifer Voltmi and the 
Calamite Schizonetm^ In South Amer- 
ica and South Africa^ but not in 
or Australia, these plants are accom- 
i^iG. Sj>^efiopferzs coriaua panicd by some survivors from the 
F. and w. (Fontaine and Carboniferous, such as Lepidodendron. 

In the latter part of the Permian,- or 
possibly not till the earliest Triassic, the Glossoptcris Flora 
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invaded the northern continents and extended its range to 
northern Russia (Tataric stage). 

Foraminifera are almost as important in the purely marine 
limestones as they had been in the Upper Carboniferous. 

Coelenterata. — The Corals are still mostly of Palaeozoic type 
and belong to Carboniferous genera, but some of the modern 
Hexacoralla have appeared. 


Fig, 278. Glossopfens browniana Brngn. Newcastle, Australia 

Echinodermata. — This group has dwindled in the most re- 
markable way, and instead of the abundance of Crinoids which 
; flourished in the Carboniferous seas, are found only occasional 
. ; specimens. 

Arthropoda. — The last few stragglers of the genus Phillipsia 
/'indicate the extinction of the great Palaeozoic group of Crustacea, 
‘.theTrilobites, which henceforth we shall meet with no more; the 
,;ErUiypterids have their latest known representatives in the little 
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coal basin of Bussaco, in Portugalj which is referred to the Per- 
mian, though with some doubt. In the Kansas Permian have 
been found numerous insects, which, though resembling those of 
the Carboniferous in a general way, all belong to species different 
from those of the latter. The giant insects of Commentry in 
France, which have been mentioned in the chapter on the Carbo- 
niferous, are now referred to the Permian by many authorities. 

Bryozoa are prominent in all marine formations, sometimes 
forming reefs. 

The Brachiopoda are still very abundant, especially in the 
Lower Permian; they are closely allied to those of the Upper 
Carboniferous, and, as in that period, the Produciids play the 
most important role, though many of the species are peculiar to 
the Permian. The curious sessile, irregularly shaped Richtho- 
fenia^ which began in the late Carboniferous, is especially char- 
acteristic of the Permian limestone accumulated in the Mediter- 
ranean Thetys, as in Asia, Sicily, and western Texas. 

MoHusca. — In this group very striking changes are to be 
noted. The Bivalves increase materially in variety, and in addi- 
tion to ancient genera like Aviculopecten (XII, 13) and Myalina 
(XII, 12) the typically marine Permian has many new forms, 
such as Arca^ Lucim, Lima^ Bakevellia (XII, 14), Pleurophorus 
(XII, 15), Pseudonionotis (XJl, 16), etc. The Ga.stropods require, 
no particular mention, except for the great abundance of the 
genus Bellerophon (XII, 17). It is among the CephaloJ^ods that 
the great advance takes place. Orihoceras and Gyroceras continue 
from the older periods, and many species of the genus Nautilus 
are added, but the chief fact consists in the presence of Ammonoids 
with highly complex sutures, far exceeding, in this respect, the 
Goniatites of the Carboniferous, some of which continue to exist 
alongside of the more advanced forms. The more important 
new genera of Ammonoids MedUcotHa, Pty chiles ^ PopamT r- 
cerasj Waagenoceras (XII, 20), which have been found in Texas, , ^ 
Sicily, Russia, and India. The presence of these remarkable . . j 
shells gives a strong Mesozoic cast to the Permian fauna, ' - 

'X&i 

‘ - ^ 

, 


Fig, 279. — Pleuracantkus deckeni, X 1/3. (Dean after Fritsch) 
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Vertebrata, — The Fishes are still 
of Carboniferous types, and many of 
the same genera occur, while new 
ones are brought in. To the Sharks 
are added the curious Mefiaspis^ 
which is armed with numerous long 
and curved spines. Among the 
Dipnoi the genus Ceratodus, very 
closely allied to the modern lung- 
fish of Australia, makes its first ap- 
pearance. 

The Amphibia are represented, as 
in the Carboniferous, by the Stego- 
cephalia, and several of the older genera 
persist, but many new forms appear 
for the first time, several of which 
much surpass the Carboniferous genera 
in size. (See Fig. a8o.) 

The most important character that 
distinguishes the life of the Permian 
from that of all preceding periods is 
the appearance in large numbers of 
true Reptiles, There is no reason to 
suppose that such a variegated reptil- 
ian fauna can have come into exist- 
ence suddenly, and their ancestors will 
doubtless be discovered in the Carbo- 
niferous; but while no true reptiles are 
certainly known from the latter, in the 
Permian they are the most conspicu- 
ous elements of vertebrate life. These 
reptiles belong to several orders, one 
of which, the Proganosaiiria^ is rep- 
resented by Mesosaurus in South Af- 
rica and by Stereostermm in South 
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America. The Proierosauria are a very central group, from 
which many other reptilian orders appear to have descended ; 


Fig. 280. — Permian Stegocephalian, Eryaps ntegacephalus Cope, x i /y. Skull seen 
from side. (Cope) 

Proterosaums and Paleohatieria are the most important Permian 
genera of this group. 
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had short tails and enormously elongated, sometimes branching, 
spines in the back (Fig, 281), The Cotylosaiiria^ heavy massive 
reptiles of exceedingly primitive character, which retained several 
features of the stegocephaious Amphibia, are represented in Texas 
by two families, including several genera, of which Diadectes may 
be selected as typical. In South Africa is found the extraordinary 
Pareiasaunis^ of the same order, Pareiasaurus followed the 
Glossopteris Flora in its northward migration and appears in 
the uppermost Permian of Russia (Tataric stage). In the same 
stage of the Russian Permian are found two other orders, which 
likewise seem to be migrants from South Africa, for they are 
abundantly represented there, the Anomodontia^ with turtle-like 
beaks and either no teeth or a pair of large tusks, and the Therio^ 
doniia^ the latter also found in Bohemia. 


CHAPTER XXXII 


THE MESOZOIC ER A — TRIASSIC PERIOD 

The Mesozoic era, so far as we can judge, seems to have been 
shorter than the PaUeozoic; in North America Mesozoic rocks 
are very much more important and widely spread in the western 
half of the continent than in the eastertn The latter region was, 
ill a measure, completed by the Apiialachian revolution, and 
subsequent growth consisted merely in the successive addition 
of narrow strips to the coast-line, but in the West many great 
changes were required to bring the land to its present condi- 
tion. 

The life of the Mesozoic constitutes a very distinctly marked 
assemblage of types, differing both from their predecessors of the 
Palaeozoic and their successors of the Cenozoic. In the course of 
the era the Plants and marine Invertebrates attained substantially 
their modern condition, though the Vertebrates remain through- 
out the era very different from later ones. Even in the Verte- 
brates, however, the beginnings of the newer order of things may 
be traced. In the earlier two periods, the Triassic and Jurassic, 
vegetation is almost conlined to the groups of FernSy Cycads^ and 
Conifers^ but with the Cretaceous come in the Angiospems, both 
Monocotyledons dciiA picotyledons^ and since then the changes have 
been merely in matters of detail. 

With few exceptions, the ancient Tetracoralla had all disap- 
peared, and the modern JlexacoraUa took their place. The 
Echinoderms were all markedly different from the Pakeozoic types* 
The Cystoids and Blastoids had died out, and the Crinoids had 
been revolutionized, the Cainerata being replaced by the Articu^^ 
lata. Likewise the modern sea-urchins, Emchmoidea^ replaced the 
ancient Palceechmoidea, and many Mesozoic genera of the former 
group are still living in our modern seas. The Starfishes ^bIso 
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assumed their modern condition. Bradiiopods were far less abun- 
dant and diversified than they had been in the Paifeozoic, and be- 
longed, for the most part, to different families, while the Bivalve and 
Gastropod Mollusca increased to a wonderful extent. Especially 
characteristic are the marvellous w^ealth and variety of the Am- 
monoid Cephalopods^ which disappear at the close of the era. 
The Dibranchiate Cephalopods, with internal shells, make their 
first appearance in the Mesozoic, and one group of them, the 
BelemniteSj is almost exclusively confined to the era. The A rthro- 
pods showed the same revolutionary changes. Among the Cnis- 
tacea, the Trilohites and Eurypterids have gone out, but all the 
modern groups were well represented, though many of the Mesozoic 
genera are no longer to be found in the seas of to-day. htsects 
reached nearly their modern condition, so far as the large groups 
are concerned, butterflies, bees, wasps, ants, flies, beetles, etc., 
being added to the older orthopters and neuropters. 

Fishes became modernized before the close of the era, the 
Bony Fishes having acquired their present predominance. The 
Amphibia took a subordinate place, and after flourishing for a 
time, the great Stegocephalia died out, leaving only the pygmy sala- 
manders and frogs of the present. Birds and Alammals made 
their first appearance, the former advancing rapidly to nearly their 
: present grade of organization, though not reaching their present 
diversity, while the mammals remained throughout the era very 
small, primitive, and inconspicuous. The most significant and 
characteristic feature of Mesozoic life is the dominance of the 
Reptiles^ which, in size, in numbers, and in diversified adaptation 
to various conditions of life, attained an extraordinary height of de- 
velopment. The Mesozoic is called the Era of Reptiles,’^ be- 
cause these were the dominant forms of life. They filled all the 
r61es now taken by birds and mammals; they covered the land 
with gigantic herbivorous and carnivorous forms, they swarmed 
in the sea, and, as literal flying dragons, they dominated the air. 
At the present time there are only five orders of reptiles in exist- 
ence, and of these only the crocodiles and a few snakes attain really 
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large size. In the Mesozoic era no less than twenty-five reptilian 
orders flourished, and many of them had gigantic members. Some 
were the largest land animals that ever existed, and the sea-dragons 
rivalled the whales in size. Nothing so clearly shows that the 
Mesozoic era is a great historical fact, as the dominance of its 
reptiles. 

TheMesozoic climates offer some difficult problems. In genera] , 
the climate was mild, as is shown by the plants found in the Meso- 
zoic rocks of Arctic lands, for in Greenland, Alaska, and Spitz- 
bergen was a luxuriant vegetation of warm temperate type. On 
the other hand, certain geologists have maintained the existence 
of distinct climatic belts in the Mesozoic, indicating equatorial, 
northern, and southern zones, but by others this interpretation is 
denied. 

The Mesozoic era comprises three periods, — the Triassic, 
Jurassic, and Cretaceous. 

THE TRIASSIC PERIOD 

The Triassic period is so named from the very conspicuous 
threefold subdivision of this system of strata in Germany, where 
its rocks were first studied in detail, and where they occupy a 
greater area than in any other European country. The German 
Trias is, however, not the usual facies of the system, but a very 
peculiar one, and cannot be taken as the standard of comparison 
for most other countries. 

The Trias of North America is displayed under three very 
different facies, — that of the Pacific coast, which is marine; that 
of the interior, which is lacustrine; and that of the Atlantic border, 
which is continental. Owing to the absence of fossils common to 
all, it is not yet possible accurately to correlate the three facies, 
but the divisions of the Pacific and Atlantic borders are given in 
the following table together with those of Germany and the general 
arrangement of the Oceanic Trias, the former being chiefly of 
continental facies: — 
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TRLASSIC SYSTEM 


General Oceanic 


Pacipic Coast Atlantic Coast 


Bajuvaric rRhsetic Stage 


Tirolic 

Series 


Dinaric 

Series 

Scythic 

Series 


\juvavian Stage 

f Carinthian Stage ^ 
Norian (or La- 
din ian) Stage 
J Anisian Stage 
Hydaspian Stage 
J Jakutian Stage 
tBrahmanian Stage 


Keuper 


Muscheikalk 

Buriter 

Sandstein 


Bajuvaric 

Series 

Tirolic 

Series 

Dinaric 

Series 

Scythic 

Series 


Newark 

Series 


Character ahd Distribution or Triassic Rocks 

European. — The Trias of Europe has been so thoroughly 
studied and throws so much light upon American problems, 
that it will be profitable to depart from the usual order of 
treatment and take up first the development in that conti- 
nent. As in the Permian, the Triassic rocks of Europe are 
found in two contrasted facies, the continental and the oceanic; 
the former extending, with interruptions, from Ireland, across 
England, France, central and southern Germany, to Poland, 
and consisting chiefly of red sandstones and red marls and clays, 
with conglomerates and some limestones. From this it follows 
that the rocks in the mountains which bordered the Triassic basins 
and plains had been profoundly decomposed, as in the southern 
Appalachians of to-day, where the crystalline rocks are changed 
into a red clay for depths of loo feet or more, and the quartz 
grains are covered with a red film. As we have learned (Chapter 
IV) the red laterites of warm regions may be derived from very 
' many different kinds of parent-rock, igneous rocks, crystalline 
^ ' schists, limestones, and dolomites. This makes intelligible 
, , the close agreement of the continental Triassic rocks over great 
of the earth’s surface. It is not at all necessary that the 
: > jpqufitain ranges which surrounded the Triassic basins and plains 
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should have been built up of the same rocks, which, as a matter 
of fact, was probably never the case. . . . It seems to be un- 
doubted that the continental Triassic sediments were deposited 
in basins, or on low plains, and that their material was derived 
from plateaus and mountains. It may likewise be inferred from 
the size and rounded shape of the conglomerate pebbles that 
running water transported the material from the highlands to the 
basins.’b 

In where the plainly marked threefold division of the 

strata has given its name to the system, the lower series, or Bun ter 
Sandstein, varies from 650 to 1800 feet in thickness and is chiefly 
made up of red sandstones and sandy shales. In northern and 
central Germany it is so intimately connected witli the Upper 
Permian that any line of separation between them appears to be 
arbitrary, but in the west and southwest there is an overlap of the 
Bunter upon older rocks. Around the margins of the Triassic 
basins are coarse conglomerates, with finer materials toward the 
centres. Occasional and temporary lakes, or playas, were formed 
in the basins, and floods rushing from the mountains spread sheets 
of sand and gravel far out over the plains, while cross-bedded 
sands were piled up by the winds over extensive areas. Locally, 
the playas formed deposits of salt and gypsum, and clastic beds 
marked by sun-cracks, rain-prints, and tracks of animals. All of 
these features point unmistakably to an arid climate, though one that 
was probably less extremely dry than that of the Upper Permian. 
The mountain ranges appear to have been sufficiently high to 
cause abundant precipitation upon them; such a juxtaposition 
of rainy mountains and arid plains has nothing unusual about it. 

The Middle Trias, or Muschelkalk, is marked by successive in- 
cursions of the sea, the first of which came at the end of the Bun- 
ter epoch and eventually extended over a great part of the area 
occupied by the Bunter Sandstein, leaving deposits with a maxi- 
mum thickness but little exceeding 1100 feet. The fossils show 
that this was an inland sea, connected with the ocean, but having 
a fauna which consists of compai*ativeiy few species, though these 
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are sometimes individually very abundant. The relation of these 
fossils to those of the contemporary part of the oceanic Trias is 
much like the relation between the modern faunas of the Black 
Sea and the Mediterranean. In the middle of the Muschelkalk the 
connection with the ocean wsls shut off and the German sea con- 
verted into a salt lake, as is demonstrated by the deposits of gyp- 
sum and salt, but the marine conditions were soon reestablished. 

An elevation of the land caused the withdrawal of the Middle 
Triassic sea and the resumption of the conditions of continental 
sedimentation, resulting in the formation of the Ken per (rasLximnm 
thickness 2000 feet). The lower parts of the Keiiper contain 
some marine beds and, locally, thin beds of coal, but most of it 
consists of sandy and clayey beds, which change rapidly from point 
to point, and are, on the whole, of finer materials than those of the 
Bunter. The basins had been largely filled with sediment and the 
mountains had been lowered by denudation, so that the coarser 
materials could no longer be transported. The middle Keuper 
was a time of extensive salt lakes, in which large bodies of gyp- 
sum and some salt were precipitated. The latest stage of the 
Keuper, the Rimtic, witnessed a renewed transgression of the sea. 

Trias of continental origin occurs in other European countries. 
In Great Britain the Triassic is almost all continental, the Middle 
Triassic marine invasion not extending so far to the northwest, 
but the Rhtetic transgression did, and beds of this stage form a 
thin, though persistent band at the top of the Keuper. The Tri- 
assic beds cover a large part of the central plains of England, ex- 
tending to northeastern Ireland, and small areas occur on the east 
coast of Scotland. In France Trias of the German type, including 
the Muschelkalk, extended into the eastern and southern parts of 
the country to the Pyrenees and along eastern and southern Spain. 
Triassic rocks also occur around the margins of the central Plateau 
of France. In the south of is a considerable area of 

Triassic rocks: the Keuper is coal-bearing and is overlaid by 
marine Rhsetic beds. In northeastern Russia is a great extent 
of beds bel^ging to the Tataric stage, which has been mentioned 
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ill connection with the Permian, but which may be in part 
Triassic. 

In the Alps are two well-distinguished regions; in the western 
part conditions were not unlike those of Germany, while the eastern 
part displays a great development of the oceanic limestones. 
The western Alpine Trias is much folded and metamorphosed and 
becomes very thick on the Italian side of the mountains, and is 
conspicuous in the northern Apennines. On the east, the Palan)- 
zoic rocks of the Alps extended as a long island, or chain of islands, 
from the Engadine into southern Austria. North of this old 
insular tract the Triassic strata are on the whole somewhat sandy, 

. , ; Gn the south side the deposition of limestone and dolo- 
mite went on more continuously, though interfered with occa- 
sionally by submarine volcanic eruptions.” (A. Geikie.) Almost 
the whole Triassic succession, except the lowest members, is rep- 
resented here by great limestones and dolomites, many of the 
latter probably of coral-reef origin. 

Asiatic. — The existence of the great Mediterranean Thetys 
in part of the Triassic period is indicated by the oceanic deposits 
which occur in.AsiaMinor, Central Asia, Baluchistan, Afghanistan, 
northern India, and Burmah, Tongking, and Southern China, 
but in the Lower Trias it appears that India was not in connection 
with Europe. In the Salt Range of northwestern India and. the 
Himalayas is a remarkably complete succession of Triassic rocks, 
which overlie the Permian in a conformity that is at least apparent 
and may be actual, though there is a faunal break between the 
two systems. The Brahmanian stage of India is not represented 
in the Alps. In central India the Gondwana conditions of con- 
tinental sedimentation continued apparently through the whole 
Triassic. Rocks of this period, which seem to belong in another 
faunal province, occur in Japan, the east coast of Siberia, and the 
Arctic islands, Spitzbergen, and Bear Island. 

American,— In the early part, at least, of the period, both North 
and South America extended farther east than at present, and no 
marine Triassic rocks are known on the Atlantic slope of either 
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continent, but they are extensively displayed on the Pacific side. 
The land barrier which during the Palaeozoic era had bounded the 
Great Basin sea on the west was submerged and the Pacific ex- 
tended over the site of the Sierras, covering western Nevada and 
sending a gulf into southeastern Idaho, and in British Columbia 
it transgressed eastward across the present mountains, and it 
covered part of the coast of Alaska. In California and Nevada 
all the series and many of the stages of the oceanic Trias may be 
identified and their faunal relations change in a very interesting 
way. The lower scries {Scythk) “ shows an intimate relationship 
to that of Asia and none with tliat of the Mediterranean region 
(J. P. Smith), and this relationship is both with India and northern 
Asia. The difference from Europe is no doubt to be explained by 
the fact, above referred to, that in the Lower Trias, Thetys w^as 
interrupted somewhere between India and Europe. In the Dk 
nark series an invasion from the Mediterranean region is evident, 
though the track followed by this migration is not clear. In the 
Upper Trias (Tirolic series) the relations were first with India and 
the Mediterranean, succeeded by another migration from the north 
of Asia, These changes in faunal relationships have been variously 
explained and will again be referred to in considering the question of 
theTriassic climates. Little of the Bajuvaric series is found on the 
Pacific coast. In the United States the marine Triassic rocks do 
not exceed 4800 feet in maximum thickness, but in British Columbia 
this increases to 13,000, much of which is igneous material, and 
similar material is widely distributed in southeastern Alaska. 

In central Mexico, State of Zacatecas, is an isolated area of 
marine Trias, belonging to the Tirolic series of the Upper Triassic 
and with a fauna allied to that of California. This is probably 
only a remnant of a formerly widespread area of such rocks, nearly 
all of which were eroded away during the Lower and Middle 
Jurassic, when most of Mexico was land. , 

On the Atlantic side of North America the course of events was 
entirely different. In the latter half of the period was formed 
a series of long, narrow troughs, running closely parallel to the 
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trend of the Appalachian Mountains, but separated from them by 
the ridges of metamorphic and crystalline rocks, which follow those 
mountains on the east, and which then probably had a considerable 
altitude, much greater than at present. In these troughs was laid 
down the enormous thickness of non-marine rocks which constitute 
the Newark series and are now found in several disconnected 
areas from Nova Scotia to North Carolina. The longest continu- 
ous stretch of these beds is from the Hudson River across New 
Jersey, southeastern Pennsylvania and Maryland, into Virginia, 
wdiile another extensive area occupies the Connecticut valley, 
through western Connecticut and Massachusetts. The Newark 
areas have been so extensively faulted that it is difficult to ascertain 
their thickness, and the figures given are merely an approximation. 
The series reaches its maximum in southeastern Pennsylvania, 
where it is estimated at 20,000 feet, in New Jersey 12,000-15,000, 
and in the Connecticut valley, 13,000. Southward the rocks thin 
quite rapidly, and about Richmond, Va., are not more than 3000 
feet thick, and farther south, still less. 

The Newark rocks are prevailingly red sandstones and shales, 
especially from Pennsylvania northward, but also contain some 
very coarse conglomerates at the base, and higher up in the series 
along the western border of the area. Thin bands of limestone 
and black, fossiliferous shales are intercalated, and in New Jersey 
is a thick mass of very hard, slate-coloured shales, the Lockatong 
stage. In the northern area, Connecticut valley, New Jersey, 
and Pennsylvania, many of the beds are ripple-marked, sun- 
cracked, pitted with raindrops, and preserve countless footprints 
of Amphibia and land Reptiles. In Virginia and North Carolina 
are workable coal-seams, and the red colour of the other rocks is 
less prevalent than in the North. Except in the black shales, fossils 
are very few, and the plants show a distinct difference between the 
Virginia and North Carolina area, where ferns predominate, and 
the New Jersey-Connecticut region, where ferns are less abundant 
and gymnosperms more so. Whether this difference is climatic 
or due to a slight difference in geological date it is difficult to say. 
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It is sufficiently evident that the rocks of the Newark series are 
not marine, but just how they were accumulated is a question as 
to which there is much disagreement. It has been usual to consider 
the strata as of estuarine origin, hut their lithological character, the 
surface markings of many of the beds, and the contained fossils 
make such an origin improbable. It is likely that fluviatile and 
subaerial agencies have had more to do with the accumulation 
of the materials than had any body of water in communication with 
the sea. At the southern end of the trough, the coal-beds point 
unmistakably to the existence of fresh-water swamps and bogs, 
while the red colour and the sun- cracks prevalent in the remainder 
suggest conditions resembling those of the German Bun ter and 
Keupcr, though the absence of gypsum and salt indicates that the 
climate was less arid than in Europe. If we could be sure that the 
plant-bearing beds of Virginia were contemporaneous with those 
of New Jersey and the Connecticut valley, the difference in the 
floras would confirm the inference that the climate was sub-arid in 
the North, growing more moist southward, but the difference may 
be geological rather than geographical No doubt lakes of greater 
or less duration were formed and are now registered in the fish- 
bearing shales. 

Igneous activity was a conspicuous feature of the Newark 
epoch, both in the volcanic and the intrusive form. Lava-flows 
were poured out on the surface and were subsequently buried, and 
l.>eds of fragmental products have been found in the Connecticut 
valley and in New Jersey, while dykes and sills accompany the 
strata throughout their extent. Now that they are exposed by 
denudation, these plutonic bodies form very striking features of 
the topography. One of the most reraarkal:>le of the intrusive 
masses is the great Palisades-Rocky Hill sill, the outcrops of 
which are separate, though their subterranean connection is well 
ascertained. An account of the Palisades has already been given 
in Chapter XV. All the known fossil-bearing hoi'izons, with per- 
haps one exception, correlate the Newark rocks, with the Keuper, 
possibly extending up into the Rhaetic. The exception noted is in 
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southeastern Pennsylvania, where the beds reach th^r maximum 
thickness and where the deeper portions are said to have yielded 
Permian plants, but this awaits confirmation. 

In the Mexican States of Sonora and Oaxaca are beds similar 
to those of the Newark, which contain plants that show the forma- 
tions to be of upper Keuper age, passing into the Rhoetic. Still 
farther south, similar beds occur in Honduras. 

A third facies of the North American Trias is that of the western 
interior, which has much the same distribution as the interior 
Permian, extending from Texas, Arizona, and New Mexico, on 
the south, around the Colorado island, north to the Canadian 
provinces, though not continuously. In many areas the beds have 
as yet yielded no fossils and are referred to the Triassic upon strati- 
graphical grounds, which are not always trustworthy. However, 
the presence of the Trias is definitely ascertained at many points in 
the region defined, though how much of the system, or what part of 
it, is present at any particular locality, can rarely be determined. 
As in the underlying Permian, the occurrence of gypsum and salt 
is evidence of salt lakes and an arid climate, but, as was probably 
true in the Newark region of the East, the climate appears to have 
become less arid southward, for fresh-water Trias has been found 
in Texas, northeastern New Mexico, and southwestern Colorado. 

Sou/'k America^ like so many of the other continents, has both 
the continental and marine facies of the Trias,* the former is 
found east of the Andes, in the Argentine Republic, and is coal- 
bearing, with plants which correlate it with the Rha?tic. On the 
west side of the Andes the marine Trias is upturned in the moun- 
tains. 

African. — In South Africa the Karroo system, as already 
pointed out, is a continental formation, extending in apparently 
unbroken continuity from the Permian into the Jurassic. The 
Triassic portion is the upper part of the Beaufort series and has 
yielded a remarkable array of fossil Reptiles. The land connection 
with India, Gondwdna Land,’' was still maintained. In north- 
ern Africa Trias of the German type covers extensive areas in the 
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province of Constantine, Algeria, corresponding to the Muschel- 
kalk and Keuper, the latter containing gypsum, 

Australasian. — Oceanic Trias, especially of the Upper Triassic, 
is found in many of the Indo-Pacific islands, Borneo, Sumatra, 
the Moluccas, New Caledonia, and others. In Australia conti- 
nental Trias is found in New South Wales, where the lower portion 
is coal-bearing, and in Queensland, where the upper division carries 
coal-beds, as also in the northwest. In New Zealand, there is 
evidence of glaciation in this period and the glacial beds are over- 
laid by marine deposits. 

Climate. — In the Triassic of the northern hemisphere there is 
evidence of very widespread aridity of climate, accompanied 
by general warmth; central Europe, north Africa, the western 
interior of North America and, in lesser degree, the northeastern 
part of the same continent. From the distribution of the fossils, 
there is reason to believe that in the Arctic Sea the water was cooler 
than in lower latitudes and that the remarkable changes in the 
faunal relations of our Pacific coast during the period are to be 
explained rather by the closing and reopening of Bering Straits 
than by the upheaval and depression of land bridges across the 
wider parts of the Pacific, This problem will again present itself 
in the subsequent periods. 

The Life of the Triassic 

Triassic life is entirely different from anything that had pre- 
ceded it, though the way for the change was already preparing in 
the Permian. As we have seen, the Upper Permian, if classified 
by its plants alone, would be referred to the Mesozoic rather than 
to the Palaeozoic, and we are therefore prepared to learn that the 
Triassic flora is very similar to that of the Upper Permian, though 
the Upper Trias, especially the Rhaetic, marks a decided advance 
among the plants. Among the animals a considerable number 
of surviving Palaeozoic types persist into the Trias which do not pass 
into the Jurassic, 
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Plants, — Triassic vegetation is composed of Ferns, Horsetails, 
Cycads, and Conifers, and of such plants were the Newark coal 
of Virginia and North Carolina, the Keuper coal of Germany and 
Sweden, and the Triassic coal of South Africa and Australia ac- 
cumulated. The Ferns are relatively some\vhat less abundant 

than they had been in the Cai- 
boniferous, and many of them 
belong to the existing tropical 
family of the MaraUiacece, 
Timiopteris, Cauhpteris, C/a- 
thropteris, are among the most 
important genera. In Vir- 
ginia a magnificent fern with 
very broad leaves, Macrotcem- 
opieris (Fig. 283), is the 
most abundant and charac- 
teristic of the Triassic plants 
there found. 

Lycofods have under- 
gone a great reduction since 
the CarboniferGus, though a 
few straggling specimens of 
plants related to Sig0aria, 
but belonging to a distinct 
family, have been found in 
the Lower Trias. The Cal- 
amites are no longer found, 
but on the other hand, true Horsetails of the modern genus Equise- 
turn now make their first appearance, and much surpass their mod- 
ern representatives in size, having stems of 4 inches in thickness. 
Rhizomes and stems of these plants are very common, and dense 
growths of them, like cane-brakes, surrounded the inland seas 
and salt lakes of the period. The Cordaiiem have disappeared, 
but the Cycadales with their stiff leaves abounded, growing, 
doubtless, on the dryer lowlands above the swamps, most of them 



Fig. 283. —A Triassic Fern, Macrotmn- 
opteris magnifolia Rogers, Restored 
(Russell) 
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belonging to such genera as Pterophyllum, Zamiies, and Oloza- 

mites (Fig. 284). This group of plants is a characteristic Mesozoic 

one, and the era is sometimes called the 

“Age of Cycads.’’ The term Cycadales is 

employed to indicate “ a group enormously / 

wider than our recent Cycadaceoe.” (D. H. / 

Scott.) The Gingkoaceje continue to be rep- \ 

resented by Baicra. On the hills and up- \ 

lands grew dense forests of Conifers, in \ 


appearance like the 
ArauedHanSy which 
are found to-day iii 

Fig, 285. — Triassic Conifer, Volizia heterophylla. South America, Poly- 
(Fraas) ncsia, and Australia, 

AraucariteSy and the cypress-like Volizia (Fig. 285), the latter 
much resembling the Permian Walchia^ are common genera. 
While the Triassic flora is thus different from that of the Pateo- 


Fig, 284. — Leaf of a Tri- 
assic Cycad, Otozamiies 
latior Saporta, X i/ 3 « 
(Newberry) 
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zoic, it must have given to the landscapes of the period much the 
same appearance of graceful and luxuriant, but somewhat gloomy 
and monotonous, vegetation. Probably the fern forests of New 
Zealand give the best modern picture of these early Mesozoic 
woodlands. 

Of marine plants, the Calcareous Algce^ or Coralline Seaweeds, 
should be mentioned as very abundant about the coral reefs, to 
which they contributed largely. 

Among the animals the change from Palaeozoic times is much 
more complete than among the plants. 

Coelenterata. Corals abounded in the seas, wherever condi- 
tions were fawourabie to their growth, but the Palaeozoic Tetra- 
coralla have nearly died out, though a few of the Tetracoralla and 
of the Tabulate Hexacoralia survived. Their place is taken by 
the modern type Hexacoralia^ though the two groups of corals 
approach each other so closely that the distinction is not a sharp 
one. 

EcMnodermata. — In this type a more marked change has taken 
place. The Cystoids and Blasloids have disappeared, and the 
Crinoids have undergone a change of structure, the Camerata 
giving way to the Ariictilaia, but the latter occur only in small 
numbers and in character rather transitional from the older forms 
than typical of the new. Of the Triassic Crinoids much the com- 
monest is Enennus^ which is so characteristic of the German 
, Muschelkalk. Similarly, the ancient type of the sea-urchins, 
. ftie Palmechinoidea^ is all but gone, only a few persisting through 
. the Mesozoic, while the Eiiechinotdea, which began in a small way 
in the Carboniferous, now come to the front. The Triassic 
Echinoids are all of regular shape, the irregular forms not appear- 
ing till later. 

Arthropoda. — The long-tailed Decapod Crustacea, Macrura^ 
are found in the Trias, probably the most ancient representatives 
of the group. The Ostracoda are not uncommon. The little 
. genus of Phyllopodaj Esiheria^ is very common in the German 
; Keup^ and the American Newark, and seems to be indicative 
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of brackish- water conditions where it occurs. Among the Insects^ 
the Coleoptem (Beetles) are added to the two orders which are 
definitely known to occur in the Palaeozoic. 

The Bryozoa undergo a marked change in the disappearance of 
the ancient Fenestella-Iike genera. 

Brachiopoda. — One of the most important changes from the 
Pakeozoic to the Mesozoic consists in the great x*eduction of the 
Brachiopods in variety and numbers, and in a difference of char- 
acter, the shells with long, straight liinge-line giving way to those 
with short, curved hinge, like l^erehraiida (PL XIII, Fig. 7). Even 
in the Trias the reduction is very marked, though several Palceozoic 
genera have their latest representatives in the rocks of this system; 
as examples, may be mentioned Produchts, Athyris, and Cyrtina, 
Koninckina is a new genus of the Spirifer family, which is con- 
fined to the Trias. The still existing genera, Terehratiila and 
Rhynchonella, are much the most abundant brachiopods of the 
period, and Thecidimn, which later becomes important, has its 
beginning here. 

MoHusca. — Almost in proportion to the decline of the brachio- 
pods is the rise of the Pelecypoda^ or Bivalves, which now become 
far more varied and abundant than they had been in the Palaeo- 
zoic. Pectefiy Pseudoinonotis (XIII, 8), Myophoria^ Halohia^ Dao- 
nella (XIII, 9), and Cardila, may be selected as a few examples 
of the commoner genera. The higher forms of the class are, 
however, still rare. The Gastropoda are yet in a transition stage. 
Several genera, such as MurcMsojtia, Loxonema^ etc,, here make 
their last appearance, and mingled with them are the forerunners 
and earliest representatives of modern types, such as Cerithium 
and other genera, in which the mouth of the shell is no longer a 
complete ring, but is drawn out into a grooved siphon. 

The Cephalopoda^ and more particularly the Ammonoids, have 
already acquired a wonderful degree of abundance and variety. 
The ancient Nautiloid genus Orthoceras^ which ranges through 
almost the whole Palicozoic group, persists into theTriassic system, 
but not later, and numerous coiled Nautiloids with angulated and 









Plate XIII.-^-Triassic Invertebrate Fossils 

Figs, i, x<?, Trofites stihhullaius Hauer, side and end viewa> X Up. Tr. 2, 2«, Meek- 
ot^eras gr^cilitatu White, side & front views, Low. Tr, 3, 3a, Gym^totoceras blakei 
Gabb, X s’ de and front views, Mid. Tr. 34$, The a suture line, x 1. 4, 

Sageniies Tterbtcht Mojs, x IT. Tr, 41!?, The samey a .suture line, x i. s, yoan- 
niies nevadanus Hyatt & Smith, X %, side and front views, M. Tr. 5^ The same^ a suture 
line, X %, ^ 6, 6a, Analcftes meekiM-n]^. x side and back views, M. Tr, 7, 7a, Terehrat- 
V'la. semisimplex White, X i, dorsal and side views, L. Tr. 8, Psiudonw 7 wtis stibcir* 
Gabb, x M, Tr. 9, Dmnella Wissmann, x U. Tr. 

' ■ v' ' . ' 

iSv<;y. ' , . ' . . v'l-.4'V-i4A ■. 
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ornamented shells recall those of the Carboniferous. Of the i 

Ammoiioids some still have the comparatively simple sutures of i 

the Goniatites, others, like Ceratites, have slightly serrated sutures, 
while in the upper Triassic occur some shells in which the com*- i 

plexity of the sutures is carried farther than in any other known i 

members of the group. Only a few of this great assemblage of 
genera can be mentioned; especially characteristic of the Trias 
are: Tiroliies, Trachyceras, Meekoceras (XIII, 2), vircestes, Cera- 
fifes, Tropites (XIII, i), Joanniks {Xlll, 

(XIII, 3), Sagenites (XIII, 4), and AnaJcites (XIII, 6). It is 
very interesting to observe that in the Trias occur, though but 
rarely, certain unusual forms of Ammonoid shells, which do not 
become important until the long subsequent time of the Cretaceous i 

period. Rkabdoceras has a straight shell, Cochloceras one that is 
coiled in a high spiral like a gastropod, In Choristoceras the 
coils are open. The similar Cretaceous genera were not derived 
from these Triassic anticipations, but are degenerate members , i 
of many Ammonoid families. The Dibranchiate Cephalopods, 
and especially the characteristic Mesozoic group of the Belemnites, J 

have their earliest and most primitive representatives in the * 

Triassic genera A tractites and A nlacoceras, I 

The Vertebrata are of extraordinary interest, and if the Trias m 

had yielded only vertebrate fossils, it would still be apparent that 
great progress had been made since the time of the latest known j 

Paheozoic beds. The Fishes display this progress least of all the J 

Vertebrates. Shark teeth are known, but not skeletons. The 
Dipnoan Ceratodus is very characteristic, continuing up from the ’ I 
Permian. The Crossopterygians have greatly declined, but some 
very large and curious fishes of this group, like Diplurus (Fig. 

386), still linger. The Ganoids continue to be the dominant feh- 
type, especially of the inland waters, and are most like the ex- 
isting garpikes. Catoptems and Ischypterus are representative 
American genera, and Semionottis, Diefyopyge, and Lepidoius ^ 
are nearly allied European fishes. 

The Amphibia reach their culminating importance in the Trias, 
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the Stegocephalia multiplying and diversifying in a wonderful 
fashion, and far surpassing the genera of the Carboniferous and 
Permian in size. These Amphibians have been found in North 
America, southern Africa, and Europe; but those of the last- 
named continent are much the best understood, because best 
preserved, the Bunter sandstone of Germany behig a treasure- 
house of such remains. Mastodonsaums, CydoiosaimiSj and 
Labyrinthodon are common European genera, but there are many 
others. Cheifotherimn (also European) is known only from its 
curious footprints, like the print of a human hand. 


Reptilia, — It is in this class that we find the most remarkable 
changes; and although reptiles are common in the Permian, the 



Fig. 286. — Diplurus longkaudatus Newberry. Newark shales. (Dean) 


abundance and diversity of the Triassic reptiles are incomparably 
greater. Almost all the orders of Mesozoic reptiles are already 
represented in the Trias, though often by comparatively small and 
rare forms. The Triassic reptiles are much more common and 
better preserved in Europe than in America; but such American 
genera as do occur show that there was no essential difference 
between the reptilian faunas of the two continents. 

The Gnathodontia, which are very near to the Permian Pro- 
gaiiosauria, are represented by Telerpeton and Hyperodapedon, 
Superficially like Crocodiles, but belonging to a different order, 
the Farastichia, are the little Aetosmirus and the formidable 
TModon (Fig. 287), the latter found also in this country. The 
first of the dolphin-like Ichfliyosaurs, which became so important 
in the Jurassic, are sparingly found in the Trias. Another group 
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of sea-dragons, the Plesiosaurs) which attained sucli great devel- 
opment in Jurassic times, is represented in the Trias by small 
ancestral forms, Nothosaurus, Gic; These are of extraordinary in- 
terest, as showing the descent of the purely marine Plesiosaurs, 
with their swimming paddles, from terrestrial reptiles which had 
feet adapted, for walking. Another order of Triassic reptiles, 
the ThalaMosauria^ were already well adapted to a marine, pre- 
daceous life; as yet they are known only in Nevada. 

One of the most characteristic of the Mesozoic groups of reptiles 
is the super-order Dimsauria^ of which the Trias has many rep- 
resentatives; but dearly there were very many more than have 
yet been found, for the Newark sandstones of the eastern United 



Fig. 287. — Skull of Belodon kapffi. v. Meyer, about natural size. (Zittel) 

States have preserved a great variety of Dinosaurian footprints, 
but very few bones have been found in these rocks. The Df- 
nosauria were much diversified, adapted for very different habits 
of life: some were herbivorous, others carnivorous; some walked 
on all fours; others were occasionally or habitually bipedal, and 
walked upright after the manner of birds, with which they have 
many structural features in common. The gigantic size attained 
by some of these creatures, even in the Trias, is shown by the foot- 
prints, some of which are 14 to 18 inches in length. Of the few 
American forms of which the bones have been found, the best 
known is Anchhauriis from the Connecticut valley, and of the 
European genera, the much larger Zancladon, 

The earliest Turtles are found in the Triassic of Europe, and 
these first-known members of the order are as typically differen- 
tiated as any of the later members. No doubt the Turtles origi- 


»l 
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nated in the Permian, in some region as yet unknown, and mi*- 
grated to Europe in the Trias. The Thcriodontia^ which we found 
beginning in the Permian, culminated in the Trias, especially 
in southern Africa. Of this group there are two Triassic orders, 
the Anomodontia and the Therocephalia. The former have cut- 
ting jaws, like Turtles, and may or may not possess a pair ot 
great tusks in the upper jaw. Dicynodon, a genus of this sub- 
order, has been found in South Africa, India, Russia, and Scot- 
land. The Therocephalia present extraordinary approximations 
to the mammals, and have left a great wealth of remains •— some 
of them very large — in the Karroo beds of South Africa, and less 
abundantly in India. The earliest known members of the flying 
reptiles, or Pteromuria^ occur in the Rhastic of Europe. 

The Trias has, as yet, yielded no Lizards or Snakes, which be- 
came very important at a later date. No birds are known from 
this period, nor any reptiles which can be regarded as the ancestors 
of birds. 

Mammalia. — Still another great advance in the progress of 
life is registered in the first appearance of the Mammals, which 
occurred in the Trias, Mammals are the most highly organized 
forms of animals; but these, their earliest known representatives, 
were very small and very primitive, giving little promise of being 
the future conquerors of the world, as they were tiny creatures 
which, in a measure, represent the transition from lower verte- 
brates upward. Two American genera, Dromafhermm and 
Microconodonf and one European genus, MicrolesteSy have been 
recovered. 


CHAPTER XXXIII 


THE JURASSIC PERIOD 

WirxiAM Smith, the father of historical geology, was the first 
to work out the divisions of the Jurassic, which he did early in 
the last century. The terms which he employed are local English 
names, and these, somewhat Latinized in form by the French 
geologists, are now very generally used as an international scale. 
These are given in the table. Smith’s name for the system, 
“Oolitic,” has been abandoned in favour of the term Jurassic 
which was first used by Brongniart and Humboldt. It was taken 
from the Jura Mountains of Switzerland, where the rocks of this 
system are admirably displayed. In Fxrope the Jurassic has long 
been a favourite subject of study, because of the marvellous wealth 
of beautifully preserved fossils which it contains. B'or this reason, 
the Jurassic is known with a fulness of detail, such as has been 
acquired regarding very few of the other systems; and no less than 
thirty well-defined subdivisions have been traced through many 
countries of the Old World. In this country the Jurassic is ill 
represented and its divisions are not clear. 
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Distribution of Jurassic Rocks 

American. — No undoubted Jurassic strata occur in the Atlantic 
border of the United States, though by some authorities the upper- 
most part of the Trias Series) is referred to this 

system, and by others the Potomac Series of the Cretaceous is 
regarded as Jurassic, at least the lowest portion of it. Whether 
or not these references be correct, no marine Jura is known on the 
Atlantic slope of North America except in Mexico. In eastern 
North America the Jura was a time of great denudation, when the 
high ranges of the Appalachian Mountains were much denuded 
and the newly upheaved, tilted, and faulted beds of the Trias were 
wasted and probably worn down to a peneplain. 

At the beginning of the period Mexico was generally elevated, 
causing the sea to withdraw from those areas, as yet of unknown 
extent, which it had covered with shallow water in the Upper 
Triassic. At the same time the southeastern portion of the country 
was invaded by the sea and would seem to have remained sub- 
merged during the Lower and Middle Jurassic, but at this time 
most of Mexico was land, and denudation swept away most of 
the marine Triassic, leaving but a single known area. 

In the western Interior region, what is believed to .be Jurassic is, 
for the most part, placed thei*e on stratigraphical grounds only, 
for few of the rocks have yielded fossils. The beds in question are 
largely sandstones which in many places rest upon Triassic strata 
and extend from northern Utah southward into Arizona and New 
Mexico, and westward from the Rocky Mountains to the Great 
Basin land which bordered the Pacific. Whether these doubtful 
beds represent the whole Jura or only a part and, if so, what part, 
are questions that cannot yet be answered. Some of the sand- 
stones contain gypsum, testifying to salt-lake conditions. 

On the Pacific coast the Lias occurs in California, Nevada, and 
' Oregon, but not in British Columbia, and recurs in Alaska and 
: some of the Arctic islands. The migration of marine animals 
J from the north, which had been so conspicuous in the Upper 
1 . 
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Triassic, was interrupted, and an influx of European formSj 
probably by way of the South American coast, took its 
place, and the Middle Jura appears to have retained the same 
connections. 

The line between Middle and Upper Jurassic is not always 
drawn in the same place; by some writers the Callovian is placed 
in the older and by others in the younger division. In accordance 
with the arrangement in the table, the Upper Jurassic is here con- 
sidered as beginning mth the Callovian and is marked by extensive 
geographical changes in the southern and western regions of the 
continent. Mexico was very largely depressed beneath the sea, 
except, probably, a belt along the western coast. The small area 
of marine Jurassic which has quite lately been found in western 
Texas, is doubtless an outlier of this Mexican transgression. In I 

the northwestern United States was formed an extensive gulf or 
shallow bay, which covered most of Montana, Wyoming as far 
east as the Black Hills, and Utah. The beds reach their maxi- 
mum thickness, 1800 feet, in the Wasatch Mountains, which is 
reduced to 800 in the Black Hills. The sediments laid down in 
this bay are limestones, shales, and marls, while the presence of 
gypsum shows that salt lagoons were formed by isolation of parts of 
the bay. The fossils are of Boreal types, like those of Alaska and 
Siberia, and point to an incursion from the north or northwest, 
though the oceanic connections of this Jurassic bay have not yet 
been determined, but the difference between this Boreal fauna 
and that of California, which is of central European character, 
makes any direct communication between the two areas unlikely. 

In the Upper Jurassic of California, of somewhat later date than 
the interior ])ay, the land connection between Alaska and Asia 
appears to have been again interrupted, opening the way for a 
current of cooler water to flow from tlie Arctic down the American 
coast. At all events, a Boreal fauna, with animals which were 
then abundant in northern Europe and Siberia, extended its range 
through California to southern Mexico, though the difference in 
the fossils shows that some barrier, however low and shifting^ 
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prevented the waters of the Atlantic from meeting those of the 
Pacific. It is remarkable that these northern animals should have 
extended their range so much farther south on the American 
than on the Asiatic coast, but the explanation is probably to be 
found in the cool current from the north mentioned above. 
Similar cases are known at the present time, in which the distri- 
bution of marine animals is controlled by warmer and colder 
currents in the sea. 

The western interior gulf did not persist throughout the Upper 
Jurassic, but was drained by an elevation and was succeeded by 
a continental formation, partly fluviatile, partly, it may be, lacus- 
trine, the Mofrison-} The beds have quite a different distribution 
from those of the marine Jurassic and extend down the eastern 
front of the Rocky Mountains from Wyoming to Texas and New 
Mexico, with discomiected areas, perhaps outliers, in the Black 
Hills and western Colorado. The Morrison has yielded a re- 
markable fauna of Dinosaurs and Mammals, which have made 
it the object of great interest to the palaeontologist. Its exact 
geological position has been vigorously discussed and it has been 
referred now to the uppermost Jurassic, again to the lowest 
Cretaceous, It has been suggested by Professor Williston that 
different areas of the Morrison are of different dates, just as we 
saw that the Millstone Grit (Upper Carboniferous) of the Mis- 
sissippi valley is not a single uniform bed, but different beds of 
similar character, formed successively and corresponding to several 
horizons in the great mass of the Appalachian Pottsville. On 
this view, which is probably the solution of the problem, the Mor- 
rison includes several distinct horizons, extending from the Upper 

^ This is the formation called in the first edition of this book the Como stage 
and referred to the Cretaceous. The term Como must be abandoned in favour of 
Morrison, which was first proposed. “ The question whether the Morrison forma- 
tion is Jurassic or Cretaceous is still to be answered, and if a satisfactory answer 
is ever received it will doubtless be from vertebrate paleontology.” (Stanton.) 
The stratigraphic evidence leaves it open whether these beds should be called 
Jurassic or Cretaceous and, on the evidence of the mammals, they are here included 
chiefiy in the Jurassic. 


DISTRIBUTION OF J1 

Jurassic into the Lower Cretaceoi 
thCvSe horizons is yet to be made. 

In British Columbia, where the I 
not known, the Upper Jura occurs 
the sea to the eastward of the 
in California the rocks are prev^ 
diabase tuffs, demonstrating volcan 
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of sediment had accumulated. At 
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The Humboldt Range in Nevada a 
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border of the continent, where the} 
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and even the minuter divisions, th 
European Jura, are applicable to i 
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American beds. The Boreal invasion, so conspicuous in Cali« 
fornia and Mexico, did not extend to South America, doubtless 
because of the warmer water on that coast. 

In Europe the Jurassic rocks are magnificently displayed, but 
they differ much both in thickness and in character as they are 
traced from one country to another, which results from more 
frequent and 'more localized changes of level than had occurred 
during the Paleozoic. 

The Lias has a much more restricted extension than the later 
Jurassic stages. At tlie end of the Triassic had begun a trans- 
gression of the sea (the R haptic) which flooded many of the inland 
basins, and the same transgression continued into the Lias, pro- 
ceeding northward from the Mediterranean, and covering large 
areas in central and southern Europe, as well as a belt across 
England, but not extending to Russia. By far the greater part of 
the Eurasian land mass was above the sea, and fresh-w^ater lakes 
extended across Siberia, while in China widespread deposits of 
Liassic coal were accumulated. 

Very early in the Upper Jura the transgression of the ocean 
was renewed, and this time on a vastly larger scale, cutting the 
continents by seas and straits, invading great areas that had long 
been land, and covering the larger part of Europe and Asia. 
This is one of the greatest transgressions of the sea in all recorded 
geologic^ history, but it did not greatly affect North America, 
Central and northern Russia w^ere submerged by an extension of the 
sea from the north, and in this Russian sea w^as developed a highly 
characteristic fauna. Strata distinguished by the Russian fauna 
extend into the northeast of England and through Siberia, Spitz- 
bergen, Nova Zambia, Alaska, the Black Hills of South Dakota, 
and the uppermost Jurassic of California and Mexico, and even 
^ penetrated to the Himalayan sea. In peninsular India the Jura 
i$ represented by the upper division of the Gondwana system, 

' which, as before, was laid down as continental deposits, con- 
, taining much coal. The continental mass to which India then 
belonged was cut off from Asia by a strait or sea which covered 
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the site of the Himalayas, and which was connected with the Medi- 
terranean or Thetys by way of Persia and Asia Minor. The great 
Jurassic transgression submerged considerable .areas of northern 
India, as it also covered narrow areas along the eastern and west- 
ern coasts of A ustralia. Much of Madagascar was under water^ 
but the southern portion is believed to have formed part of the 
narrow land which extended from South Africa to India. Some 
of eastern Africa was covered by a bay of the Indian Ocean, but 
no marine Jurassic has been found in the southern or western 
portions of that continent In South Africa, the uppermost part 
of the Karroo system, like the corresponding portion of the Indian 
Gondwana, is Jurassic. 

Climate. — The very striking faunal differences which obtain 
between different regions have led certain observers, especially 
the late Professor Neumayr of Vienna, to the conclusion that 
climatic zones had already been established in Jurassic times, — 
Boreal, central European, and Alpine or Equatorial zones, with 
corresponding ones in the southern hemisphere. This conclu- 
sion as to climatic belts is, however, a very doubtful one, and is in 
conflict with the distribution of the several geographical faunas, 
for the central European fauna is found in equatorial Africa, and 
the supposed equatorial fauna occurs in the Andes 20° of latitude 
south of its proper boundary. It is much moi'e likely that some 
of the marked faunal differences are due to varying facies, depth 
of water, character of bottom, etc., and even more to the partly 
isolated sea-basins and the changing connections which were es- 
tablished between them. On the other hand, the Boreal fauna, 
both in its restrictions and in its migrations, seems definitely 
to lead to the conclusion that the Arctic Sea was distinctly colder 
than the other oceans, though there is no likelihood that the dif- 
ference of temperature was nearly so great as at present, or that 
the Arctic contained ice, even in winter. The suggestion of 
climatic influence on the dispersion of marine animals in the 
Upper Jurassic is very strong.^’ (J. P. Smith.) 



684 


THE JURASSIC PERIOD 


Jurassic LirjB 

The life of the Jurassic has been preserved in wonderful fulness 
and variety; but with comparatively few exceptions^ our know- 
ledge of it has been principally derived from Europe, where a host 
of eminent geologists have long studied the great wealth of mate- 
rial. The contrast between North America and Europe in regard 
to the relative abundance of Jurassic marine fossils is seen from 
the fact that while in Great Britain alone more than 4000 spe- 
cies have been descri]:)ed, in America hardly one-tenth of that 
number has so far been found. 

Plants. — The Bora of the Jurassic differs little, on the whole, 
from that of the Trias, and is made up of Ferns, Ilorsekiils, 
Cycads, Conifers, and Gingkos, Tree ferns flourished in northern 
Europe in great variety. The Cycads attain their culmination of 
abundance and diversity in this period, no less than forty species 
occurring in a single horizon of the English Upper Jura and an 
extinct order of the Cycadales, the BenneUiiee, flourished re- 
markably. The Conifers are of somewhat more modern aspect 
than those of the Trias, and, from their resemblance to genera 
which are still extant, have received such names as Thufites, Tax- 
ites, Cupyessiics, Pinites, etc. The Araiicarian pines abounded in 
Europe. The Gingkos, orMaidenhair Trees, continued to be repre- 
sented by Baiera* Monocotyledons have been repozded from the 
Jurassic, but the evidence for their existence is very doubtful. 

Foraminifera are found in great numbers and variety in the 
soft Jurassic clays, many of them belonging to genera which still 
.abound in the modern seas. It must not be supposed that these 
organisms first became so abundant in Jurassic times; it is merely 
that the conditions for the preservation of these microscopic and 
exquisite shells had not been so favourable before. 

Radlolaria. — The beautiful siliceous tests of the Radiolarians 
are also found in multitudes. In the Alps occur whole strata of 
red flints and jaspery slates, which are composed almost entirely 
of these tests. 
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Spongida. — Sponges arc found in wonderful profusion and 
diversity and in such perfect preservation that every detail of their 
beautiful structure may be made out with the microscope. In 
some localities these sponges are heaped up in such masses that 
they fill the strata, while other localities of the same horizon are 
entirely free from them. 

Coelenterata. — Corals abound, especially in the Upper Jurassic 
of central Europe, The Anthozoan Corals all belong to the mod- 
ern IlexacorallUj in decided contrast to the Tetracoralla of the 
Paheozoic seas. Isastrmj MonilivauUia, and ThccosmUia are the 
dominant genera. 

The Echinodermata, especially the Crinoids and Sea-urckhiSj 
are of great importance. The Crinoids are vastly more abundant 
than they had been in the Trias, and although the number of 
genera and species is not at all comparable to tlie great assem- 
blage of Carboniferous times, yet for profusion and size of indi- 
viduals the Jurassic has never been surpassed. Especially char- 
acteristic are the superb species of Peniacrinus, a close relative of 
which still exists in the West Indian seas. Other common genera 
are Apiocrinus and Eugemacrinns. These genera all belong to 
the Articulata^ which have a very diferent type of structure from 
the Palseozoic forms, but, like nearly all the latter, they w^ere at- 
tached to the sea-bottom by theJr long stems. In the Jurassic 
appear the first of the Articulate free-swimming Crinoids, like Co- 
.matula^ the commonest of modern genera. These animals possess 
a stem only in their early stages of development; subsequently 
they become detached and free. Star-Jishes and Brittle Stars are 
not very common, but have attained a completely modern structure. 

The Echinoids have undergone a wonderful expansion and 
diversification by the time of the Middle Jurassic. In the Lias, 
as in the Trias, we find only the regular, radially sjmmetrical 
sea-urchins, with mouth and anus at the opposite poles of the shell, 
such as Cidaris (PI XIV, Fig. 2), but in the Middle and Upper 
Jura appear the irregular Spatangoids and Clypeastroids, In 
, these the shell is bilaterally syxnmetrical, rather than radially 
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SO, the anus, and even the mouth, losing their polar positions, and 
the shape of the ambulacral areas being greatly changed. Thk 
is another instance of the attainment of modern structure which 
so many of the Mesozoic Invertebrates display. 

Arthropoda. The Crustacea are not found in very many locali- 
ties, but places like the famous lithographic limestones of Solen- 
hofen in Bavaria, where the conditions of preservation were 
favourable, show that this group was very abundant and far ad- 
vanced in the Jurassic seas. The long-tailed (macrurous) Deca- 
pods (of which the lobster is a familiar example) are in the as- 
cendant and are represented by many genera, several of which 
still exist. The Crabs, or short-tailed Decapods, which are now so 
very common, make their first known appearance in the Jurassic, 
but they were still rare, and connecting links between the long- 
tailed and short-tailed series were more abundant. I so pods and 
Stomatopods also abounded. 

The Xiphostm are reduced to the single genus Limulus, which 
then occurred in the European seas, while the living horseshoe 
crabs of that genus are found only on the east coast of the United 
States and in the Molucca Islands. 

Insects are found in multitudes in certain localities, and display, 
a great advance in the number of types over any of the Palaeozoic 
periods. The Orthopters and Neuropters which we found in the 
Palaeozoic are enriched by many new forms, such as grasshop- 
pers, while beetles {Coleoptera) become very abundant. The Hy~. 
menopters (ants, bees, wasps, etc.) and the Dipters (flies) date 
from the Jurassic, and Lepidopters (butterflies) have also been 
reported, though doubtfully. As the latter insects are dependent 
upon a flowering vegetation, definite proof of their presence in the 
Jura will establish the existence of the Angiosperms at that time, 

Bracliiopoda. — These shells are still common in the Jura, but 
they are simply a profusion of individuals belonging to a few 
genera, most of which persist in our recent seas; compared even 
with the Trias, Jurassic brachiopods are much diminished, Tere- 
bratuloids like Antinomia (XIV, 3), WaldJuimia^ and M>yfh 
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chonella are much the most important genera, and the last strag 
glers of the long-lived Palseozoic Spiriferina are here found. 

MoUusca. — The Bivalves, which had already become such im- 
portant elements of theTriassic fauna, greatly increase in the Jura, 
their shells forming great banks and strata. Many of the genera 
are still living, and only a few of the more abundant ones can be 
mentioned here. Oysters like Gryphcea (XIV, 13), Exogyra, and 
Ostrea itself (XIV, 14) are common, and the Scallop shell, Camp- 
tonectes (XIV, 10), is important. Trigonia (Fig. 2S8 and PI. XIV, 


Fig. 288.^ — Slab of Trigoriia clavelhta, from the English Oxfordian 

Fig. 8) is especially characteristic of the Jura, but a few repre- 
sentatives of that genus have persisted to the present time and 
are found in the Australian seas. Diceras and Pholadomya 
(XIV, 9) are likewise common genera, and there are very many 
others. Among the Gastropoda the most significant change lies 
in the importance which the siphon-mouthed shells now for the 
first time assume; examples of this group are Nerinea (XIV, 17), 
Alaria^ Purpurina, etc. Of the shells with entire mouths the 
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Fig„ 289. --Slab oiBelemnlies compressm Blainv, from the Lias of England 

from those of the latter period; but in number of distinct species 
the Jura much surpasses the other Mesoi^oic periods. Phylloceras 
and Lyioceras (XIV, ig) continue on from the Trias, but the 
most abundant, characteristic, and widely spread genera are new. 
Of these may be mentioned: Felioceras (XIV, 18) Arietites, 
MgoceraSj Harpoceras^ Stephanoceras, Peris phinctiteSf and many 
others, each with large numbers of species. Crioceras (XIV, 20) is 
an uncoiled ammonokl The Belemnites (Fig, 289), which wcTe im 
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troduced in a small way in the Trias, in the Jurassic blossom out 
into an incredible number of forms, exceeding even the Ammonites 
in abundance of individuals, if not of species. These extinct Ce- 
phalopods belonged to the Dibranchiata^ as do all the living forms 
except the Pearly Nautilus; they in some measure serve to connect 
the extinct genera having external shells with the existing naked 
squids and cuttle-hshes, which have only rudimentary internal 
shells, the pen or cuttle-bone. The Belemnites have a straight, 



conical, chambered shell, called the phragmocone, which ends above 
in a broad, thin plate. The phragmocone w^as partly external 
to the animal, and its lower, pointed end was inserted into a dart- 
or club-shaped body called the guard or rostrum which is composed 
of dense, librous, crystalline calcite. Usually only the guard 
is preserved in the fossil stale, and specimens are so common that 
they have attracted popular interest and bear the folk-name of 
'^thunderbolts.^’ In a few instances the animal has been pre- 
served almost entire, so that the structure is well understood. 

Vertebrata. — The Fishes have advanced much beyond those 
of the Trias. The Sharks have attained practically their modern 
condition, and the broad, flattened Rays are a new type of the 
:prder. The Chimceroids were much more numerous and rela- 



Fig. Zijix.-Asp-Kiorhynchm acutirostH, h^. (Smith Woodward) 

Teleostome fishess the Ganoids were still the dominant type, , 
had been .since the Devonian. Some of these Jurassic for 
evidently the forerunners of the Sturgeons, but most of th 
semble the Gar-pike of our Western rivers {Lepidosteus), a 
covered with a heavy armour of thick, shining, rhomboidal 




no. 892. — nypsocormus tnsignis Wagner. (Smith Woodward) 

Many of these Ganoids are of small or moderate size, such as 
Dapedius (Fig. 290) and Aspidorhynchm (Fig. 291), while others, 
like the superb Lepidotus, were very large, evidently the kings of 
their race. Some of the Jurassic fishes approximate the Teleosts 
so closely that it seems arbitrary to call them Ganoids. Caiurus, 
Leptokpis, Hypsocormus (Fig. 292), and Megalmus are much 
like what the ancestral Teleosts must have been. 
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No are certainly known from the Jurassic. 

The have attained a higher and more diversified plane 

of existence than in the Trias. Most of the Triassic genera and 
several entire orders have become extinct, but new and more ad- 
vanced forms come in to take their places. The Rhynehocepha- 
Hans abound and give rise to many diversified types of terrestrial, 
semi-aquatic and fully aquatic reptiles, and the first of the true 
Lizards {Lacertilia) appear. I'urtles hmt grown much more nu- 
merous than in the Trias and have distributed themselves over 
the world. The Ichthyosauria are a highly characteristic Jurassic 
group; for though they are found in both the Trias and the Cre- 
taceous, the Jura, and especially the Lias, is the time of their 
principal expansion. Certain localities in the Lias of England 
and Germany have yielded an incredible number of skeletons, 
and some of the specimens have preserved the impressions of 
the outline of the body and limbs, showing recognizably the nature 
of the skin. These reptiles were entirely marine in their habits 
and preyed upon fishes, and their limbs were converted into 
swimming paddles; there is a dorsal fin and a large tail-fin, the 
principal organ of propulsion (see Fig. 293). The muzzle is 
drawn out into an elongate slender snout, armed with numerous 
sharp teeth, which were set in a continuous groove, not in sepa- 
rate sockets. The eye is very large and protected by a number of 
bony plates, which are often preserved in the fossil state. The 
neck is very short and hardly distinguished from the* porpoise- 
like body. The .skin was smooth, having neither horny scales 
nor bony scutes, which was of advantage in lessening the friction 
of the water. In length, these reptiles sometimes exceeded 25 
feet, and in appearance they must have been very like the modern 
porpoises and dolphins, but the resemblance is entirely superficial, 
for porpoises and dolphins are warm-blooded Mammals. Bap- 
ianodon, found in Wyoming, is an Ichthyosaur without teeth and 
must have fed upon small and soft marine invertebrates, as do 
the toothless whales. 

Another group of carnivorous marine reptiles is that of the 





• 293* — Ickihyosaurtts qvadnscmus Quenst., Lias. 
Knight under the direction of Prof. H. F. Osborn, 
Museum of Natural History, N.Y,) . 


Restoration by C. R. 
(Copyright, American 
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Plesiosauria, which began in the Trias and culminated in the Jura, 
and which forms a curious contrast to the Ichthyosaurs. In the 
typical genus Plesiosaurus (Fig. 294) the head is relatively very 
small, and the jaws are provided with large, sharp teeth, set in 

distinct sockets. The neck is ex- 
ceedingly long, slender, and serpent- 
like, and marked off distinctly from 
the small body. The swimming 
paddles are much larger than in 
the Ichthyosaurs and probably had 
more to do with locomotion; the 
skeleton of the paddle departs 
much less widely from the structure 
of a terrestrial reptile^s foot than 
does that of an Ichthyosaur, With 
their long necks, the Plesiosaurs 
could lie motionless far below the 
surface, occasionally raising their 
heads above the water to breathe, 
or darting them to the bottom 
after their prey, which consisted 
chiefly of fislu ; The Jurassic species 
of Phsiosawus do not much exceed 
a length of 20 feet, but PUosaums 
of the same group was gigantiG, a 
single paddle sometimes measur- 
ing 6 feet in length; the 
of the latter genus had, however, 
proportionately larger heads and 
shorter necks. 

The seas and rivers of Jurassic times were swarming with Croco- 
diles^ the most ancient yet known, Teleosaums being the common- 
est genus of the period. In appearance these reptiles much re- 
sembled the modern Gavial of India and had a similar elongate 
and slender snout. The fore legs were much smaller than the 
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hind, and these animals were doubtless of more exclusively aquatic 
habits than the crocodiles and alligators of the present day. One 
suborder of tlie Crocodiles, the TkalaUosuchiaj was almost entirely 
marine in habits, the skin being smooth and without scales and the 
fore limbs converted into paddies, while the very long tail ended 
in a large fin. In the Jurassic of South Africa has been found the 
other extreme of crocodilian development, a little reptile which 
was terrestrial and had long, running legs. 


Fig. 295, Alhmurus agilis Marsh, a carnivorous Dinosaur from the Morrison. 
Restoration by C. R. Knight under the direction of Prof, H. F. Osborn. 
(Copyright, American Museum of Natural History, N.Y.) 


The Dlnosauyia became much larger, more numerous and 
diversified than they had been in the Trias, though, as the foot- 
prints in the Newark sandstones teach us, only a small fraction of 
the Triassic Dinosaurs has yet been recovered. Making all due 
allowance for this, it seems, nevertheless, to be true that the group 
had made notable progress in the Jurassic. The known American 
Jurassic Dinosaurs are from the Morrison, and so some of those 
mentioned below may be Cretaceous. The group of Dinosauria 
is a greatly varied one, comprising reptiles of very different 
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size, appearance, structure, and habits of life. Some were heavy, 
slow-moving quadrupeds, having fore and hind legs of not very 
unequal length, with hoof-like toes, and usually with very small 
heads. Dinosaurs of this type were mostly plant-feeders and had 
rows of grinding teeth adapted for such a diet. Brontosaurus , 
from theMorrison^ is an example of this kind of Dinosaur, which 
attained a length of 6b feet, and Diplodocus was a not very dissimi- 
lar and even latgei Stegosaim^^^ another herbivorous 


reptile, but with such short fore legs 
that the gait must have been bipedal, 
or else the back must have been arched 
upward very strongly to the hind quarters. 
This animal, and its European allies, Sceli-- 
dosaurus and Omosaurusy provided 

with an armour of bony plates and spines 
covering the back and tail. Ceratosaurus, 
Allosmmis (Fig. 295), and the veiy similar 
European genus, Megadosamusy on the 
other hand, were gigantic carnivorous Dino- 
saurs, having terrible, sharp pointed teeth, 
while the toes were armed with sharp, 
Fig. 296.’— Restoration claws. These creatures walked 

ofPterosaurian,A’^a7/z-. i i i 

phorhynchus. (Zittei) their elongated hind legs and were the 

most formidable beasts of prey that 
scourged the Jurassic lands. Not all of the Jurassic Dinosaurs 
>vere gigantic; very small ones also ranged through the forests, 
or may even have been arboreal in their habits. Compso^na- 
thusy for example, was a bipedal, carnivorous Diiiosaur 
larger than a house cat. 

Another very remarkable order of reptiles, the Pterosauria 
earliest known appearance of which is in the Rhcetic, bei 
important and characteristic in the Jurassic (Fig. 
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animals were provided with wings, and were true fliers, thus i ] 

realizing the old myth of flying dragons. The head is relatively i I 

large, but very lightly constructed, and set at right angles with the I 

neck, as in birds. In the Jurassic species, the jaws are more or : 

less completely armed with teeth, which by their form show the i 

carnivorous propensities of the animal. The joints of the external : 1 

or little finger of the hand are much thickened and elongated, this ; ‘ 

finger being longer than the body and legs together. A membrane, , 1 

ox fatagiim, was stretched between the elongate finger on one J 

side, and the body and leg on the other, thus forming the wing, 
which rather resembled the wing of the bat than that of a bird, ; 

though differing from the former in being supported by one finger ; | 

instead of four. A few exceptionally well-preserved specimens 
found in the Solenhofen limestones have retained the clearly*- 
marked impressions of these wing membranes. The legs, like 
those of bats, were small and weak, and the tail was very short 
in some species, very long in others. Some, at least, of the latter 
had a membranous, oar-like expansion at the tip of the tail. That 
the Pterosaurs had the power of true flight, and did not merely 
take great leaps like the flying squirrels, is shown by the hollow, 
pneumatic bones (like those of birds), and by the keel on the breast- 
bone for the attachment of the great muscles of flight. T^ 
is found in both birds and bats. The skin was naked, having 
neither scales nor feathers. The Jurassic Pterosaurs were small, 
the spread of wings not exceeding three feet. 

Birds. — One of the most remarkable advances which Juras- 
sic life has to show consists in the first appearance of the birds* 

As yet, only a single kind of Jurassic bird has been foundj and that 
in the Solenhofen limestones. This, the most ancient known bird, 
is called Archmopteryx (Fig. 297), and has many points of resem- 
blance to the reptiles, and many characters which recur only in 
the embryos of modern birds. The peculiarities which strike one 
at the first glance are the head and tail; there was no horny beak, 
but the jaws are set with a row of small teeth, while the tail is very 
If long, composed of separate vertebrse, and with a pair of quill- 

\ : 
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feathers attached to each joint. The wing is constructed on the 
same plan as that of a modern bird, but is decidedly more primitive. 
The four fingers are ail free (in recent birds two of the three fingers 
are fused together) ; they have the same number of joints as in the 
lizards, and are all provided with claws. The plumage is thoroughly 
birddike in character, but is peculiar in the presence of quill ^feathers 
on the legs, and apparently also in the absence of contour feathers 
from the head, neck, and much of the body, leaving those parts 
naked. This very extraordinary creature was, then, a true bird, 
but had retained many features of its reptilian ancestry, and shows 

us that those ancestors have 
still to be sought in the Trias 
or even the Permian. 

M amnialia . — ^ The mam- 
mals of the Jurassic are still 
very rare and imperfectly 
known, and have been found 
in only a few places. How 
many mammalian genera 
should be referred to the 
JuravSsiG will depend upon 
where the somewhat arbi- 
trary line is drawny^^^^ w 
separates that sy>stem from 
the Cretaceous^:. '■ ■; ' 

The are 

regarded as belonging to the 
most primitive kind of Mam- 
mals, the Monotremata, at present represented only by the duck- 
-billed Mole {Ornithorhynchns) and Spiny Ant-Eater {Echidna) of 
Australia, animals which, though warm-blooded and suckling 
: their young, reproduce by laying an egg. Of the Multituber- 
.. cUlates the most prominent Jurassic representatives are the Eng- 
lish genus Plagiaulax^ from the Purbeck, and the American 
geiiera Cknacodon and Allodofij from the Morrison of Wyo- 



Fig, 297. — Restoration of Archmipteryx 
iithographica v. Meyer. (Andreae) 
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ming. In another group, which may be related to the Marsu- 
pials, the teeth are simpler and more numerous; examples of this 
group are the Purbeckian gemvd, Slylodon, and Triconodon, and 
the Morrison genera, Dryolcstes Dicrocynodon. Thus, at the 
very end of the Jurassic, the mammals are still tiny, insignificant 
creatures, which play but a very subordinate rule in the luxuriant 
terrestrial life of the period. 




CHAPTER XXXIV 


THE CRETACEOUS PERIOD 

The name Cretaceous is derived from the Latin word for chalk 
{Creta)^ because in England, where the name was early used, the 
thick masses of chalk are the most conspicuous members of the 
system.. Though first made known in England, the main sub- 
divisions of the Cretaceous, as employed in geological literature, 
bear French names, which have proved themselves better adapted 
to general use. 

In very marked contrast to the scanty development of the Jura, 
the Cretaceous strata of North America are displayed on a vast 
scale, and cover enormous areas of the continent, eloquent wit- 
nesses of the great geographical changes in that long period. 
Continental, estuarine, and marine rocks are all well represented, 
and, in consequence, our information regarding the life of North 
America , and its seas during Cretaceous times is incomparably 
more complete than it is for the Triassic and Jurassic. 

The Cretaceous rocks of North America are of very different 
character in the different parts of the continent, and require sep- 
arate classification. 

Distribution op Cretaceous Rocks 

American. — At the opening of the Cretaceous, the Atlantic 
coast of North America appears to have been farther to the east- 
ward than it is at present; but just as had happened in the Triassic 
period, a long, narrow depression was formed, running roughly 
parallel with the coast, and in this depression for a long period of 
time, sediments in the form of gravels, sands, and clays were de- 

•joo 
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Fig. 298. — Map of Noiih America in the Cretaceous period. Black areas ^ 
known exposures ; white = land ; dotted areas ~ continental formations ; 
lined areas = sea. Vertical lines indicate Lower, and horizontal lines Upper 
Cretaceous seas 
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posited* This is the Foiomac series, which is divisible into several 
stages. There arc unconformities within the series, which con- 
tains driftwood, some lignite, and iron ore. The beds arc of con- 
tinental origin and probably differed locally in their circumstances 
of deposition, flood-plain, delta, and marsh, being apparently all 
represented. The Potomac has been traced through the islands of 
Martha^s Vineyard, Nantucket, Block Island, Long Island, Staten 
Island, across New Jersey, and thence southward to Georgia, 
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where it turns northwestward, following the Mississippi embay- 
ment into Tennessee, and from there turning southwestward 
through Arkansas. In the northern part of this region, from Nan- 
tucket to the Delaware River, only the upper part of the Potomac 
has been found, and the same appears to be true of the Tuscaloosa^ 
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as the extension around the Mississippi embayment is called. The 
Potomac is nowhere marine, and everywhere rests unconformably 
upon the underlying Triassic and older rocks. As the thickness 
of sediment is not great (not exceeding 600 feet), the process of 
deposition must have been very slow, or broken by long interrup- 
lions with intervals of erosion. 

While along the Atlantic border the land was more extended 
than at present, in the southern part of the continent a different 
order of events was brought about. Nearly the whide of Mexico 
had been submerged by the great Upper Jurassic transgre.ssion, 
and in the Lower Cretaceous the sea extended over Texas and New 
Mexico into Arizona, and ^adually expanded northward in the 
successive stages of the Comanche epoch, or Lower Cretaceous. 

At the base of the Lower Cretaceous strata in Texas is found a 
deposit of continental sands, the Trinity stage, which is the recog- 
nized equivalent of the basal Potomac. The advancing sea cov- 
ered these sands, and the continued depression soon established a 
clear and quite deep sea, in which were formed the great masses of 
the Comanche limestones, that are the surface rbcks of large areas 
in Mexico, and cover much of Texas. The Ouachita Mountains 
of Arkansas stood out as a promontory in the Lower Cretaceous 
sea, and the ancient shore-line has been traced around their foot. 
Over a great part of Te.xas the Comanche limestones are soft, and 
beds of chalk occur among them; while in Mexico, where they have 
been folded into mountain ranges, they have become much harder 
and more compact. The thickness of the limestones increases 
southward; from 1000 feet in northern central Texas, it rises to 
5000 feet on the Rio Grande, and on the Mexican plateau to ah 
even greater amount. No less than six distinct, successive marine 
faunas are found in the Comanche limestones of Texas, and the 
faunal relationships of this region are closest with the Mediterra- : 
nean province of Europe, and especially with the Lower Cretaceous 
of Portugal. The greatest expansion of the Comanche sea north* V 
ward took place in the last of its stages, the Washita, when Okla- ' ; 
homa, southern Kansas, and eastern Colorado were covered by 


liSiilllilliiililiili 


704 


THE CRETACEOUS PERIOD 


Just how far north this sea reached has not yet been determined, 
but there is reason to think that it extended into central Wyoming, 
This Lower Cretaceous marine invasion of the northern interior 
lasted but a relatively short time, and, until quite recently, its thin 
deposits had escaped detection. 

In the northern interior region the Lower Cretaceous beds, ex- 
cept thOvSe of the Washita, are of continental origin, and it is not 
practicable to correlate those of different areas where the strati- 
graphic connections cannot be traced. Part of the Morrison is 
probably Lower Cretaceous, though we cannot yet say how much 
of it, nor what particular areas. Another non-marine formation 
found east of the Gold Range of British Columbia, extending 
southward into Montana, is the Kootanie stage, the plant remains 
of which correlate it \yith the lower Potomac, and it certainly is 
not the oldest Cretaceous, for in British Columbia it has been found 
lying unconformably upon marine Lower Cretaceous. In part, 
the Kootanie was formed in tracts of low-lying, swampy lands, on 
which a luxuriant vegetation produced valuable deposits of coal. 
Lower Cretaceous beds have been found surrounding the Black 
Hills where they have been divided into the Lakota and Fuson 
stages, of continental origin, with abundant remains of land plants. 

Along the Pacific coast Lower Cretaceous rocks are displayed 
on a great scale. The Great Basin land then extended from south- 
ern Nevada to 54^ N. lat. in British Columbia, with the Sierra 
Nevada rising along part of its western border, to which the Pacific 
extended. North of the Gold Range in British Columbia, the 
ocean spread eastward, though no doubt broken by many islands, 
to the eastern base of the Rocky Mountains. The Coast Range of 
California formed a chain of islands and reefs. In the Sierra 
Nevada occurs an unconformity between the Lower Cretaceous and 
the uppermost Jurassic, but it does not imply the lapse of a very 
long period of time. 

The older division of the Californian Lower Cretaceous is called 
the Knoxville^ and has an estimated maximum thickness of 20,000 
feet, laid down upon a slowly subsiding sea-bottom. This enor- 
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mous thickness is no doubt due to an extremely rapid deposition 
of the debris abundantly supplied from the waste of the newly 
upheaved Sierras. At the end of the Knoxville age, the subsidence 
became more rapid and the sea began to encroach upon the land 
for the Horsetown hed&, which have a thickness of 6000 feet, over- 
lap the Knoxville shoreward and extend over upon the underlying 
Jurassic and other pre-Cretaceous systems. Although the two 
stages of the Californian Lower Cretaceous are entirely conformable 
throughout, and appear to have been formed by a continuous pro- 
cess of sedimentation, yet there is a very marked faunal change be- 
tween them. The Knoxville beds have a northern, fauna, allied to 
that of Russia, showing that the connection with Ru.ssian seas, which 
had been established in late Jurassic times, was still kept up. With 
the beginning of the Honsetown age, however, this northern com- 
munication was interrupted doubtless by the closing of Bering Se%, 
and a connection was formed with the waters of southern AsiC 
and in that way with central Europe. The decided contrast which 
we find between the Lower Cretaceous faunas of California and 
those of Texas points to the existence of a land barrier between 
the seas of the two regions. 

In the southera region the Lotver Cretaceous was terminated by 
an upheaval, which caused the Comanchean Sea to withdraw 
from Texas and the area to the west and north of it. This mid- 
Cretaceous land epoch must have continued for a considerable 
time, permitting extensive denudation and a complete change in 
the fauna. Wherever the marine Upper Cretaceous is in contact 
with the Comanche limestones north of Me.xico, the two are un- 
conformable, and no species of animal is known to pass from one 
to the other. In Mexico the Lower Cretaceous passes into the 
Upper without a break, the disturbances there taking place at a 
later date. 

The Upper Cretaceous rocks have a far wider distribution over 
North America than have those of the lower division, which is due * 
to an enormous transgression of the sea over the land, one of the 
greatest in all recorded geological history. Over the region of the 
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Great Plains the Upper Cretaceous was inaugurated by the forma- 
tion of a non-marine stage, the Dakota. These strata cover much 
of Texas, lying unconformably upon the Comanche series, and ex- 
tend northward into Canada. In Kansas, however, the connec- 
tion of the Dakota with the Washita is very close, bands of sand- 
stone carrying Dakota species of plants being interstratified with 
the marine beds. On the western side of the Colorado uplift, the 
Dakota is less distinctly a sandstone formation, and is characterized 
by beds of shale and even coal seams of workable thickness. In 
most parts of the Rocky Mountain region the Dakota rests in 
apparent conformity upon the lowest continental Cretaceous, and 
even upon the Jurassic. In the Uinta and Wasatch ranges there 
is no apparent break in sedimentation from the Palaeozoic to the 
end of the Mesozoic, though the whole Lower Cretaceous is there 
wanting. From this we may infer that during the long Lower 
Cretaceous time all these regions had been low-lying lands, nearly 
or quite at base-level, and therefore not subject to profound denu- 
dation. 

It was at the end of the Dakota age that the great subsidence 
took place wLich affected nearly all parts of the continent, and 
brought the sea in over vast areas where for ages had been dry 
land. South of New England tlie Atlantic coastal plain was sub- 
merged, and in New Jersey, at least, the waters covered even the 
nearly base-levelled Triassic belt, bringing the sea up to the foot of 
the crystalline highlands. The lowlands of Maryland, Virginia, 
and the Carolinas, and all of Florida were under the ocean, and 
the Gulf of Mexico was extended northward in a great bay (the 
Mississippi embayment), covering western Tennessee and Ken- 
tucky and extending into southern Illinois. In Mexico important 
, changes occurred during the Upper Cretaceous. Early in this 
: epoch a general elevation restricted the sea to the northeastern 
.part of the country, but in the south was an opposite movement, 
the sea transgressing upon the ancient land which lay to the west 
vpf th^ Isthmus of Tehuantepec, finally covering it late in the period. 
“In this region the Upper Cretaceous overlaps upon the Archaean* 
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Elsewhere, the disturbance referred to was erogenic, resulting in the 
formation of most of the Mexican mountain ranges and continuing 
nearly or quite to the end of the period. Texa.s was again exten 
sively submerged, and a wide sea connected the Gulf of Mexico with 
the Arctic Ocean. The eastern coast of this interior .sea began in 
northwestern Texas, running through Kansas and Iowa nearly to 
the present line of the Mississippi River. Westward Ihc coast 
line was the uplift which ran from the west coast of Mexico into 
British Columbia. The Colorado region was again converted into 
Lslands. North of the Great Basin land the interior sea was con- 
nected with the Pacific and Arctic Oceans, which united over the 
northwestern part of the continent. 

On the Pacific side, the Sierras, which had suffered greatly from 
denudation, were again folded. A moderate transgression'of the 
sea caused the Upper Cretaceous to extend farther east than the 
Lower. Volcanic activity continued and immense batliyliths were 
formed deep within the mountains. The sea extended from 
Lower California northward along the Sierra into eastern Oregon 
at the foot of the Blue Mountains. 

The North American continent was thus divided into two prin- 
cipal land masses, the larger one to the east and comprising the 
pre-Cambrian and Palicozoic areas. In the limits of the United 
States this land lay almost entirely east of the Mississippi, except 
for a southwestern peninsula, including Missouri, Arkansas, Okla- 
homa, and part of Texas. The western area was much smaller, 
extending, from Mexico into British Columbia, and having its 
greatest width between the fortieth and forty-fifth parallels of lati- 
tude. Between the two lands lay the Colorado Islands, and doubt- 
less many smaller ones as well. 

The character of sedimentation differed so much in the various 
regions of the continent that the subdivisions of the Upper Creta- 
ceous have received different names in the separate provinces, and 
only approximately correspond in time. The greater number of 
these subdivisions, which are founded chiefly upon physical 
changes, gives to the Upper Cretaceous the appearance of being 
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longer and more important than the Lower, but this is only an ap» 
pearance. In Europe the Lower Cretaceous has, in recent times, 
been divided into six series, an arrangement which proves to be 
of general validity. 

Along the Atlantic border the Upper Cretaceous strata are a 
series of marine .sands and clays, which are still almost horizontal 
in position and of loose, incoherent texture. In New Jersey there 
are extensi ve developments of green sands locally called marl. The 
Appalachian Mountains, which had been subjected to the long- 
continued denudation of Triassic, Jurassic, and Lower Cretaceous 
times, were now reduced nearly to base-level, the Kittatinny plain 
of geographers (see p. 512). This peneplain was low and flat, 
covering the whole Appalachian region, and the only high hills upon 
it were the mountains of western North Carolina, then much lower 
than now. Across this low plain the Delaware, Susquehanna, and 
Potomac must have held very much their present courses, meander- 
ing through alluvial flats. 

On the Gulf border the Upper Cretaceous beds of Alabama and 
Mississippi, which were laid down in the Mississippi embayment, 
are in 3 stages. Below are the sands and clays of the Eutaw 
(300 feet) which is correlated with theMatawan of New Jersey; 
next follows the soft limestone, or chalk, of iho. Selma (500-1200 
feet), and at the top are 200 to 500 feet of the Ripley sands. East- 
ward the water shallowed, and in Georgia we find about 1400 feet 
of clays and sands. Northward along the Mississippi embayment 
the beds thin greatly and are mostly clays and sands. 

In the interior region lying ii]ion the Dakota are the marine 
beds of the Colorado^ of which the lower division is the Benton, 
a mass of shales and limestones with a maximum thickness of 
1000 feet, though varying much from point to point. The depres- 
sion still continuing, the sea became quite deep, making favourable 
conditions for the formation of the chalk and harder limestones 
of the Niobrara, This chalk is best seen in Kansas, but extends 
into South Dakota; elsewhere are sandstones and limestones with 
a maximum thickness of 2000 feet, A movement of reelevation 
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of the sea-bottom began even in Colorado times, and in the north- 
ern part of the interior region oscillations of level produced alter- 
nating fresh-water, or estuarine, and marine conditions. In 
Montana and the Canadian province of Alberta is a thick body 
of estuarine or fresh-water strata with seams of coal (the Belly 
River formation) interposed between the marine depo.sits of the 
Colorado below and the Montana above. In Utah is another 
fresh-water deposit of eoal-bearing rocks of Colorado age. 

In the Montana epoch marine conditions still prevailed, but the 
waters of the northern sea had generally become much shallower, 
and a marked change of fauna was produced. In Alberta are coal 
measures of this. date. Two divisions of the Montana are dis- 
tinguished, although not everywhere separable; the Fort Pierre, 
which is composed of shales and sandstones with a maximum 
thickness of 8000 feet, and the Fox Hills, sandstones and some 
shales, which do not exceed 1000 feet. This movement of up- 
heaval in the interior was accompanied or followed by an uplift 
on the Atlantic and Gulf coasts, for along these borders the upper- 
most Cretaceous beds are either wanting or represented by ex- 
ceedingly thin deposits. In the interior the continued upheaval 
caused fresh-water and swampy conditions to prevail over very 
wide areas, though not so widely extended as had been the Upper 
Cretaceous sea. This great continental formation is the Laramie, 
which has no such eastward extension as the marine Cretaceous, 
but is restricted to the we.stern side of the basin and is, in part, 
probably equivalent to the latest marine Cretaceous, the difference 
being in facies rather than in time. However, this applies only 
to the older part of the Laramie, which as a formation continues 
much later than any of the marine stages and may even have 
persisted into the Eocene. The northwestern part of the continent 
had been converted into dry land, but a broad area of non-marine 
deposition extended up the course of the present Mackenzie River 
to62°N.lat. Anotherandvastlylarger area began about S7°N.lat., 
and reached, though perhaps with interruptions, to northeastern 
Mexico, surrounding the Colorado island. Tliis area was aooo 
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miles long and 500 miles wide, and reproduced the conditions 
which obtained around the Mississippi valley in the Upper Car- 
boniferous, immense swamps and peat-bogs in which gathered 
the quantities of vegetable matter now converted into coal seams. 
The clastic rocks interstratilied with the coal are probably fluviatile 
and lacustrine deposits, and occasional brackish-water conditions 
are reported from some, areas. Workable coal is found in all the 
stages of the western Cretaceous, but none of these stages is com- 
parable to the Laramie for the extent and thickness of its coal 
measures. 

The Laramie was a time of tranquillity, with only slow and gentle 
changes of level, but towards its close some important disturb- 
ances took place, especially along the Rocky Mountains. The 
first of these movements affected only the Colorado island, and 
its effects are especially well shown in the Denver basin, where 
some 800 feet of conglomerates (the Arapahoe) rest upon the 
Laramie uiiconformably. The second series of movements was 
much more extensively felt, producing marked unconformities 
both in Colorado and Montana. In Colorado there was a great vol- 
canic outburst, and the Denver stage, which overlies the Arapahoe 
unconformably, is principally composed of andesitic tuffs. In 
Montana the equivalent stage (Livingstone), which also contains 
considerable volcanic material, is 7000 feet thick and unconform- 
able with the Laramie. It is probable that the Arapahoe, Denver,' 
and Livingstone, all of which occur along the Rocky Mountains, 
correspond to beds which elsewhere are a part of the Laramie. 
The latter in eastern Wyoming passes into undoubted Eocene 
above, by what appears to be an unbroken continuity of sedimen- 
tation. 

The Upper Cretaceous of the Pacific coast comprises the Chico 
' series, with a maximum thickness of 4000 feet. In Vancouver's 
, Island the Chico is coal-bearing. The faunal connections of the 
jCMco are with southern Asia, that series having very little in com- 
with the fossils of the interior region* The uppermost Cre- 
' .‘tacepus is wanting along the Pacific coast, except for certain cpal- 
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I bearing beds in Washington, which appear to represent the 

■ I ■ ■ ■ . Laramie, , ■ . . ■ ' 

The resemblance of the Chico fossils to those of southern Asia 
indicates the closing of Bering Sea and thus the possilniity of a 
migration of shoal-water animals all around the shores of the 
North Pacific, at tlie same time providing a way for the interchange 
of land animals and plants between North America and the cTd 
World. The Upper Cretaceous faunas of Mexico are surprisingly 
different from tho.se of the -United States, and so like those of the 
Mediterranean region of Europe as to suggest an east and west 
shore-line across the Atlantic in the latitude of Brazil, while the 
northern connection of America with Europe probably continued 
also, for the shallow-water fossils of New Jersey resemble those 
of central Europe. 

The Mesozoic era was closed in the West, as the .Paljeozoic had 
been in the^ East,^by a time of great mountain making, and to this 
movement is attributed the formation of most of the great Western 
mountain chains. From the Arctic Ocean to Mexico the effects of 
the distuibance were apparent. The Rocky Mountains, the Wa** 
satch and Uinta ranges, the high plateaus of Utah and Arizona, 
and the mountains of western Texas date from this time, though 
subsequent movements have greatly modified them. Vast volcanic 
outbreaks accompanied the upheaval, which was on a far grander 
scale than the Appalachian revolution had been. 

Foreign. In South America the Cretaceous history is much 
like that of the northern continent. Ti'he subsidence which inau- 
gurated the -Lower Cretaceous extended the sea over the north- 
ern part of South America and covered northeastern Brazil, with 
fresh-water deposits in central Brazil. All along the Cordillera, 
from Venezuela to Patagonia, marine Cretaceous is found, but east 
of the mountains, with the exceptions already noted, the system is 
^ ^ represented chiefly by non-marine sandstones. In Patagonia, 
however, is an area of marine Lower Cretaceous east of the Andes, 
i though its extent is not known. Thick continental sandstones 

; represent most of the period, but toward the close, the entire Pata*^ ^ 
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gonian plain appears to have been submerged for a short time by a 
transgression of the Upper Cretaceous sea. The faunal relations 
of the South American Lower Cretaceous are very intimate with 
northern and western Africa. Gigantic volcanic activity went 
on along the Cordillera in Mesozoic limes; in Chili and Peru the 
marine Cretaceous is principally made up of stratified igneous ma- 
terial, and the Andes contain the largest known area of Mesozoic 
eruptives. The mountainunaking upheaval probably came at the 
close of the Cretaceous. 

In Europe^ toward the end of the Jura, the sea retired from 
nearly all of the central region, which in part became dry land 
and in part was covered with lakes and inland seas. One of the 
largest of these covered much of southern England, extending far 
into Germany, and in it was deposited a great thickness of sand 
and clay, with some shell limestone, the Wcalden. The Alpine re- 
gion remained submerged under a clear and deep sea, and the tran- 
sition from the Jurassic is very gradual. In the oldest Cretaceous 
epoch {Neoconiian) a renewed transgression submerged large 
parts of central Europe, though the sea was far less extensive than 
that of the Middle and Upper Jurassic. In consequence, a great 
gulf was established over southern England, northern France, and 
north Germany to Poland, a gulf bounded on the north by the 
highlands of Britain, Scandinavia, and northwestern Russia, and 
on the south by a land stretching from Ireland to Bohemia; Bel- 
^um was mostly an island. The expanded Mediterranean covered 
southeastern Asia Minor and northern Africa. In the Upper Cre- 
taceous the northern gulf was greatly extended, covering many 
areas that had been land since Palmozoic or pre-Cambrian times. 
Parts of this basin became very deep, and its most characteristic 
deposit, especially over southern England and northern France, 
was chalk, which the microscope shows to be made up of the shells 
of Foraminifera and to resemble the modern foraminiferal oozes. 
Over the Alpine region upheavals in the Upper Cretaceous had 
established land areas, indicated by extensive fresh-water deposits 
recurring at intervals from Spain to Hungary, in the latter country 
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Cretaceous Life 

The life of the Cretaceous displays so great an advance over that 
of the Jurassic that the change may fairly l^e called a revolution. 

Plants. — If the separation between the Mesozoic and Cetiozoic 
eras were made entirely with reference to the plants, it would pass 
between the Lower and the Upper Cretaceous, just as a similar 
criterion would remove the Upper Permian to the Mesozoic. The 
vegetation of the Lower Cretaceous, especially of the lowest, is still 
much like that of the J lira. Ferns, Horsetails, Cycads, and Conifers 


Fig. 299. — Cretaceous leaves, Dakota stage, i, Dammarifes heisq.^ 

1/2. 2. BeiulUes Wes^z Lesq., 3/4. 3, Liriodendron giganteiim Lesq., 1/2. 

(Lesquereux) 

continue to make up most of the flora. The Cycadales, in particular, 
abound in the Lower Cretaceous, many of them belonging to the 
, Bennettitese. On the other hand, the impending revolution is an- 
nounced by the appearance of Dicotyledons of archaic and primi- 
litive type, fo of the Potomac the Cycads become 

less' abundant and the Dicotyledons very much more so. Here 
We find many leaves which belong to genera that cannot be distin- 
. ipishei of modern forest trees, such as Sassafrasy Fopt^ 
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lus, Liriodendron, etc. No Dicotyledons have been found in the 
Kootanie of the Northwest, or in the Wealden of northern Europe, 
but they occur in the Lower Cretaceous of Portugal, Greenland, 
and Spitzbergen. In the latter part of the Lower and in all the 
Upper Cretaceous of North America the flora assumes an almost 
completely modern character, and nearly all of our common kinds 
of forest trees are represented: Sassafras, Poplars, Willows, Oaks, 
Maples, Elms, Beeches, Chestnuts, and very many others. A new 
element is the Monocotyledonoiis group of Palms, which speedily 
assumes great importance. Each successive plant-bearing horizon 
of the Cretaceous is characterized by its own special assemblage 
of plants, but in its general features the Upper Cretaceous flora 
is essentially modern, and this is true of the world at large, while 
in the Lower division it was only in North America and a few 
other scattered areas that the Angiosperms had gained a foothold, 
Cretaceous animals are sufficiently different from those of the Jura, 
but the change is not so revolutionary as w^e have found among 
the plants. 

Foraminifera play an important part in the construction of 
Cretaceous rocks, especially of the great masses of chalk (PI. XV, 
Figs. I, 2), while the green sands are casts of foraminiferal shells in 
glauconite. The most abundant genus, as in the recent Atlantic 
oozes, is Globigemia, 

Spongida. — In the Cretaceous of Europe Sponges are more 
numerous and varied than at any other time, but in North America 
they are far less common. 

Coelenterata. — The Corals were very much as they are to-day 
and require no special description. 

The Echinodermata undergo some very marked changes. The 
Crinoids are much reduced since the Jurassic, and were never 
again to assume their ancient importance; characteristic Cre- 
taceous genera are the stemless, free-swimming Uiniacrinus and 
Marsupites, The Sea-urchins are incomparably more numerous 
in Europe than in North America; of the Regular forms may be 
mentioned Fseudodiadema^ ddariSf and Salejiiaf and of the 
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Irregular forms, Toxasler, Ilolaster, Cassidulits, Cordiaster (XV 
3), etc. 

Arthropoda. — Among the Crustacea we need only' note the 
great increase in the Brachyuran Decapods, or Crabs, in the beds 
of the Gulf border and of Europe. 

Brachiopoda are very much as in the Jurassic; the common 
genera, are Terebratula {XV, 5), Terebraklla (XV, 4), and Myn- 
choneUa, 

Moliusca. --This group is very richly developed, and many 
genera are peculiar to the period. The large, curiou.s oysters be- 
longing to the genera Ostrm (XV, ii), Gryphma, and especially 
Exngyra (XV, 9), are common, and the many species oi Inocera- 
mus (XV, 6) are very characteristic, especially of the northern 
facies. More modern types are I donearc a (XV, 8) and Venklla 
(XV, 10). Confined to the Cretaceous are the extraordinary shells 
classed as Rudistes, in which one valve is long and horn-shaped, 
and the other a mere cover for it. These shells of the genera 
Hippttritcs, Radiolites, and CoroiliochuMG. are much commoner 
in Europe than in America and are preeminently southern in 
distribution. Other peculiar Cretaceous Bivalves are Requienia 
and Caproiina. Ancella (XV, 7) is of interest both in the Upper 
Jurassic and the Cretaceous as a typically Boreal group of shells. 
The Gastropods (XV, 12, 13), are very much as in the Jura, but in 
the latter part of the period come in many genera which reach 
their fullest development in Tertiary and recent times, such as 
Fusus, Mtirex, Voliita, Cypraa, and many others. 

The Cephalopods are very peculiar; in addition to numerous 
Ammonoid genera with closely coiled shells of normal type, such 
as HopUtes, Schlcenbachia, Placenticeras, we find very many shells 
entirely or partially uncoiled, or rolled up in peculiar ways, which 
give to the Cretaceous Cephalopod fauna a character all its own. 
In Crioceras (XIV, 20) the shell is coiled in an open, flat spiral, the 
whorls of which are not in contact. Ancyloceras has a similar 
open coil, followed by a long, straight portion, and recurved ter- 
minal chamber. Scaphites (XV, 16) is like a shortened Ancylo- 


!l' 

■i 

i' 

Li ' 


iii 

fc 

P 


‘ • '.i-: 

,i. 




7i8 


THE CRETACEOUS PERIOD 


ceras. In Ptychoceras the shell consists of two parallel parts, 
connected by a single sharp bend. T iirrilUes is coiled into a high 
spiral, like a Gastropod, Baculites (XV, 14, 15) has a perfectly 
straight shell except for a minute coil at one end. Heteroceras 
(XV, 17) displays the extreme of irregulaiity of growth. Nautilus 
is represented by many species, some of them very large. Belem- 
nites are very abundant, but in the Upper Cretaceous the genus 
Belemnitella (XV, 18) re])laces the true Belemnites, 

The Vertebrata form the most characteristic element of the 
Cretaceous fauna. Among the Fishes a revolution has occurred. 
Sharks of modern type abound, and their teeth are found in count- 
less numbers; but the principal change consists in the immense 
expansion of the Teleosts^ or Bony Fishes, which now take the domi- 
nant place, while Ganoids become rare. Most of the Cretaceous 
Teleosts belong to modern families and even genera, such as the 
Herrings, Cod, Salmon, Mullets, Catfishes, etc. ; but a characteristic 
Cretaceous type, now extinct, is that of the Saurodonis, fierce, 
carnivorous fishes of great size and power. The genus Forth eiis^ 
common in the Kansas chalk, was 12 to 15 feet long, and w^as 
provided with great reptile-like teeth. 

The Reptiles continued to be the dominant types of the land, 
the sea, and the air, and it may fairly be questioned whether the 
Jura or the Cretaceous should be regarded as the culminating: 
period of Reptilian history. Ichthyosaurs and Plesiosaurs are per- 
haps less abundant than in the Jura, but are of greatly increased 
size. Elasmosaurusj a Plesiosaur from the Kansas chalk, had a 
length of 40 to 50 feet, of which 22 feet belonged to the slender 
neck. Confined to the Cretaceous are the remarkable marine 
reptiles of the group Mosasauria^ which swarmed on the Atlantic 
and Gulf coasts, and especially in the interior sea. These were 
gigantic, carnivorous marine lizards, with the limbs converted 
into swimming paddles (see Fig, 300), Turtles^ both fresh-water 
and marine, abound, and some were very large. Lizards and 
Smkes are but scantily represented, not displaying the manifold 
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aquatic reptiles, the Choristodera, nearly allied to the Rhyncho- 
cephalia, appeared in the latter part of the period. Crocodiles, 
like those of modem days, were ubiquitous in both fresh and 
salt waters, and in North America, at least, some of the long- 
snouted Jurassic type of crocodiles, Teleosaurus, continued into 
the Upper Cretaceous. 


Fig. 300. — TyUsaurus dyspelor Marsh, A Mosasaurlan in pursuit of Saurodont 
Fishes {Porthtus), Restoration by C, R. Knight, under the direction of Pro- 
fessor H. F. Osborn* (Copyright by Amer. Mus. Nat. Hist, N.Y,) 


The Pterosaurs of the Cretaceous are reraarkable for • their 
great size, far exceeding that of the Jurassic species. The closely 
allied genera, Ornithostoma of Europe and Fteramdon of Kans^, 
had a head of nearly 3 feet in length, with a long, pointed, tooth- 
less bill, like that of a bird; the spread of wings exceeded ao fe^* 
The Dhwsaurs continue in even greater profusion than in the 
Jurassic; they are, of coxirse, much commoner and better pr^' 
served in continental deposits than in marine, and hepce are best 
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known from the base and the summit of the system. Many of 
the genera were the largest land animals that ever lived, and the 
size of the bones is astonishing. The Wealden of Europe has 
yielded some magnificent Dinosaurs; especially the genus Iguana- 

don^ of which many 
complete skeletons 
have been f oun d in 
Belgium. Dinosaurs 
are much less coni-* 
mon ill the marine 
Upper Cretaceous, 
but the green sands 
of New Jersey have 
3rielded Hadrosatmis, 
a herbivorous Dino- 
Fig, 301. — Skull of Triceratofs fiabeliaius Marsh, saur milch like IglUl- 
from tho side, 1/30. (Marsh) 

nivorous types also. The Laramie and Denver beds have 
preserved many fine specimens, which show that the Dinosaurs 
flourished in almost undiminished variety till the end of the Cre- 
taceous. The erect, herbivorous type is represented in these beds 
by Monodonius and Didonius (Fig. 302), which are nearly re- 
lated to Hadrosau- 
rus, Triceratops(Fig. 

301) and Torosaurus 
are huge, quadru- 
pedal reptiles, with 
three large horns on 
the head and an ex- Pig, 302. — 
traordinary frill-like above, 1/19. (Cope) 

extension of the skull over the neck. Carnivorous Dinosaurs like- 
wise continued, such as Lcelaps, Tyrannosaurus and Ornithomi- 
mus, the latter with hind linabs which are especially birdlike 
in structure. 

The Birds of the Cretaceous are much more abundant and 
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advanced than the known Jurassic birds. In the Upper Creta- 
ceous of Kansas, and probably of England also, are found two 
remarkable birds, Hesperornis and Ichthyornis, In the former, 
which was nearly 6 feet high, the wings were rudimentary, while 
Ichthyornis, a much smaller bird, had powerful wings. Both of 
these genera possessed teeth, like Archmpkryx, but except in 
that feature and in certain minor details of structure, they are 
entirely like modern birds. Bird bones like the corresponding 
parts of the Cormorants and Waders have been found in the green 
sands of New Jersey, but it is not known whether they had teeth. 

Mammalia, —Cmi 2 iCftovis Mammals are more numerous and 
varied than those of the Jurassic, but they continue to play a very 
modest role, and are nearly all of minute size. In America they 
have been found only in the uppermost Cretaceous, and in Europe 
they are not known as yet, though doubtless they existed in that 
part of the world. The mammals of the Laramie already begin 
to show affinities with the forms which are to succeed them 
in the Tertiary. The MuUituherculata are represented by two 
genera, Me^iiscoessus and Ftilodus, while other mammals of 
doubtful affinities are Didelphops, Pediomys, and Cimolestes. 
Many others are known, but they are too imperfect for reference. 
With one exception, Thlceodon, which is of moderate size, all these 
mammals are exceedingly small. 

In brief, Cretaceous life is still typically Mesozoic, but a change 
toward Cenozoic conditions is already manifest, especially in the 
Plants, the Gastropods, the Teleostean Fishes, and the Birds. 
There is still a gap between the life systems of the two eras, but it 
is not so wide as it was once believed to be, and it may be hoped 
that future discoveries will bridge it entirely. 



CHAPTER XXXV 

^ CENOZOIC ERA — TERTIARY PERIOD 

The history of the Cenozoic era brings us by gradual steps to 
the present order of things. Of no part of geological, history have 
such full and diversified records been preserved as of the Ceno- 
zoic, and yet this very fulness is a source of difficulty and embar- 
rassment when we attempt to arrange the various phenomena in 
their chronological order. 

The sedimentary rocks of the Cenozoic era are, for the most 
part, quite loose and uncompacted; it is relatively rare to find 
hard rocks, such as so generally characterize the older formations. 
’They are also most frequently undisturbed, retaining nearly their 
original horizontal positions, except when they have been upturned 
in the formafc|o|fe‘Of gi*eat mountain chains. Another characteristic 
feature ofj&fltiozoic strata is their locally restricted range; only 
in the parts of the group do we find such widely extended 
formations as are common in the Palaeozoic and Mesozoic groups, 
and the later Cenozoic strata become more and more local in their 
character. This implies the restriction of the changes of level, 
the great transgressions and withdrawals of the sea no longer tak- 
ing place as they had in the preceding eras. On the other hand, 
mountain making was effected on a very grand scale in the Ceno- 
zoic, and vulcanism was prevalent to an extent that seems never 
to have been reached before. 

, The climate of the era underwent some very remarkable and 
inexplicable changes. At the beginning it resembled that of the 
Cretaceous in its generally mild and equable character, a luxuriant 
vegetation flourishing far within the Arctic Circle; but by very 
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slow degrees and with many fluctuations, the climate grew colder, 
culminating in the Glacial Age, when much of the land in the 
northern hemisphere was covered with sheets of ice and snow 
and reduced to the condition of modern Greenland, 

The life of the Cenozoic era is very clearly demarcated from 
that of the Mesozoic, though many modern characteristics began 
in the Cretaceous or even earlier. The peculiar Mesozoic Am- ' 
monoids, Belemnites, and many curious Bivalves disa|)peared 
almost entirely at the end of the Cretaceous, leaving only a few 
stragglers here and there to persist into the older Tertiary, Even 
more striking is the dwindling of the Reptiles; the Ichtliyosaurs, 
Plesiosaurs, Mosasaurs, Dinosaurs, and Pterosaurs, which had 
given such a marked individuality to the Mesozoic' fauna, have 
become totally extinct, leaving only Lizards and Snakes, Turtles 
and Crocodiles, and a few Choristodera to represent the cli]^ 

Cenozoic life is not distinguished from Mesozoic merely . r- 

characters; it has its positive features as well. The 
invertebrate animals nearly ail belong to genera which are%ii|v*^ 
living, and the proportion of modern species steadily increases as - 
we approximate the present time. The Fishes, Am])hibia, and 
Reptiles differ but little from those of modern times, and the Birds 
take on the diversity and relative importance which characterize 
them now. Above all, the Mammals undergo a wonderful ex- 
pansion and take the place of the vanished reptiles, giving to Ceno- 
zoic time an altogether different character from all that went before 
it. The great geographical and climatic changes produced migra- 
tions of land animals and plants upon a grand scale, from continent 
to continent and from zone to zone, the result of which is the dis- 
tribution of living beings over the earth surface as we find it 
to-day. 

There is some difference of usage regarding the subdivisions 
of the Cenozoic group, though the difference is principally with , 
reference to the rank of those subdivisions. We shall follow the 
usual American practice of dividing the group into two systemsf ' / ' 
the Tertiary and Qmtermry, , ; . i;/’ 
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The nwits Tertiary m& Qiiater nary are remnants of an old 
geological nomenclature which has lost its significance, and were 
proposed when the whole succession of strata w^as beheved to l.)e 
divisible into four groups, called the Primary j Secondary^ Tertiary^ 
and Quaternary, respectively* When it was learned that there were 
groups and systems much older than the so-called Primary, the 
name Palceozolc was substituted for Primary, as was Mesozoic 
for Secondary, though the latter term is still used, especially in 
England. The name Tertiary has thus lost its meaning, but is 
nevertheless retained as a division of the Cenozoic group or era. 


TERTIARY FORMATIONS OF THE UNITED STATES 
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The great revolution which closed the Cretaceous and inaugu- 
rated the Tertiary has left its effects visible in all the continents, 
but the gap bet-ween the two periods is not everywhere the same. 
This revolution gave to North America nearly its present outlines, 
except for the land connections with Europe and Asia, which were 
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from time to time interrupted and renewed. In consequence of 
this, marine Tertiary beds occur only along the borders of the con- 
tinent, while the Tertiary of the interior is all of continental origin. 
In other continents, and especially in Europe, the distribution of 
land and sea was very different in the Tertiary from what it is 
now, and the topography of the land was profoundiy altered in 
the course of the period. Some of the highest mountain ranges 
of the earth were upheaved in Tertiary times, such as the Atlas, 
the Alps, the Caucasus, and the Himalayas, and many ranges of 
earlier date were subjected to renewed compression and upheaval. 
That Tertiary mountains are high is hot due to any extreme de- 
gree of compression as compared with that which produced 
older ranges, but merely to the youth of the former; denudation 
has not yet had time to sweep them away. 

: The Tertiary system or period is divisible into five well-distin- 
guished series or epochs, which may usually be identified in both 
the marine and continental formations; but for laek of common 
fossils it is not yet possible to correlate the stages and substages 
of the interior region with those of the coast. In the preceding 
table, therefore, no exact comparison of these minor subdivisions 
is intended. 

The name Tertiary was given by Cuvier and Brongniart, early 
in the last century, to the succession of marine, brackish-water, and 
fresh- water beds in the Paris basin. Sir Charles Lyell many years 
later proposed the division of the Tertiary into three parts, Eocene 
(from the Greek eos^ the dawn, and kainos^ recent), Miocene 
Qneion^ less, and kainos), and Pliocene (pleion, more, and kainos), 
a scheme which is still used, modified by Beyrich through the 
insertion of a fourth epoch, the Oligocene (oligos, little or in small 
degree, and kainos). Last of all, the lower Eocene has been sepa- 
; rkted under the name Paleocene {palaios, ancient, as in Palaeozoic) 

' a change proposed thirty years ago by the botanist Schimper, but 
only lately coming into wider favour. It has become customary 
to distinguish between the older and newer parts of the Tertiary 
by grouping together the Eocene and Oligocene into the Falceogene, 
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and the Miocene and Pliocene into the Neogene. Eocene and 
Neocene are employed in the same way, but this is objectionable 
because it is using Eocene in two different senses. 

The Paleogene Epoch 

The term Paleocene has not been used by American geological 
writers, who have, however, frequently employed the more non- 
committal name of post-Cretaceous. It will be an advantage to 
follow the Tuiopean usage wherever this can be done to express 
facts of correspondence between the two continents. 

American. ^Alarine forntations of this epoch have not yet been 
distinctly identified in North America, though in the table the Mid- 
way of the Gulf region has been provisionally placed in that .series. 
On the other hand, extensive areas in the western interior are refer- 
able to it. In the region of the Rocky Mountains and northern 
plains, the Denver and Livingstone beds may eventually prove to 
be a part of the Paleocene series, a correlation which is favoured 
by the plants which they contain. They also contain remains 
of Dinosaurs, and though it is not at all impossible that some of 
these great reptiles should have survived in the earliest Tertiary, 
they are not yet known to have done so. The oldest known beds 
which are definitely assignable to the Paleocene are those of the 
Fort Union, a formation with a maximum thickness of 2000 feet, 
which covers very large areas in Canada, Montana, North Dakota, 
and eastern Wyoming, and is composed of sandstones and clay 
rocks. In Montana it lies conformably on the Livingstone, and 
in Wyoming there is an apparently unbroken succession from the 
Laramie into the Fort Union, barren sandstones between the two 
probably representing the Livingstone-Denver series. Originally 
referred to the Tertiary on account of its plants, the position of the 
Fort Union has been confirmed by the finding of a considerable 
number of mammals in it. The conditions under which these beds 
were formed have not been clearly determined. That they may 
have been partly lacustrine is indicated by the presence of fresh- 
water shells in some localities. Other parts are probably flood- 
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plain deposits and others again entirely subaeriaL Beds with 
similar plants have been found in Greenland and Alaska. 

A somewhat different facies of the Paleocene occurs in north- 
western New Mexico and southwestern Colorado in a formation 
which also lies in apparent conformity upon the Laramie. In these 
beds, which are about 800 feet thick and mostly barren of fossils, 
are two separate horizons, which have yielded numerous fossil 
mammals, and each of which has its own characteristic fauna. 
The lower and older of these horizons is the Pnerco^ and the higher 
the Torrejon^ the Fort Union corresponding to both together. 

Foreign. — In northern Patagonia is a continental formation, 
called, from one of its most characteristic fossils, the Notostylops 
beds, the mammals of which suggest correlation with the Puerco 
of North America. 

In Europe a rapid elevation of the continent had occurred in 
the latest phases of the Cretaceous, followed at the beginning of 
the Tertiary by numerous minor oscillations of level, which occa- 
sioned a continual struggle between land and sea and, as a result, 
“ the Paleqcene does not consist of purely marine deposits, but of 
a repeated alternation of marine, brackish, and fresh-water for- 
mations.^^ (Kayser.) The sands, marls, and limestones thus 
produced cover a large area in the north of France, Belgium, and 
the south of England. The upper portion of the scries near 
Rheims, in France, contains a mammalian fauna so like that of the 
American Torrejon as to indicate not only a correlation with that 
horizon, but also the existence of a land bridge between the two 
continents, which permitted the migration of terrestrial animals 
from one to the other. Paleocene beds occur also in Denmark 
and in central Russia and in southern Europe; in the south of 
France and the Pyrenees, it is represented by fresh-water beds, 
while in Egypt it is marine. 

Climate. — The earliest Tertiary floras of Greenland and Alaska 
show that the equable conditions of the late Cretaceous continued, 
but those of England indicate merely a temperate climate in that 
latitude, where in the true Eocene it became tropical. 
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Paleocene Life 

The vegetation of the Paleocene is of essentially the same kind 
as that of the latest Cretaceous, the difference between the two 
being principally a matter of species. Among the marine inver- 
tebrate.s, which are still very incompletely known, the most impor- 
tant feature to be noted is a negative one; namely, the almost uni- 
versal and complete absence of the characteristic Mesozoic types 
Ammonites, Belemnites, and the like. Of the land animals, the 
more or le.ss aquatic reptiles allied to the Rhynchocephalia.’ the 
Chonsiodera, survived, but all the other Mesozoic orders of ’rep- 
tiles vanished in what appears to be a startlingly sudden way; 
no trace of the Dinosaims, Pterosaurs, Ichthyosaurs, Plesiosaurs,’ 
Mosasaurs, etc., has been found in the Paleocene. On the con- 
trary, the Mammals have greatly increased in numbers and im- 
portance, but are still extremely primitive and very like those of the 
late Cretaceous; with one, or perhaps two, exceptions, they all 
belong to extinct orders and are of small or moderate size, not a 
single large one having been found. The close relation with the 
Mesozoic is seen in the presence of several of the MiMiubmulaia; 
the last and largest of the order. Polymastodon and Ptilodus, iht 
latter a survival from the Laramie, are the common genera. The 
primitive flesh-eaters, Creodonia, and primitive hoofed animals, 
Condylarthra and Anihlypoda, are abundant, and the very curious 
extinct orders of the Tillodonta and Tamiodonta, and primeval 
Lemuroids, and perhaps complete the list. The a.s- 

semblage is an extremely archaic one and notable for the absence 
of the characteristically Tertiary groups; there are no Monkeys, 
Rodents, Bats, true Carnivores, Artiodactyls, Perissodactyls, or 
any of the other higher orders of mammals. 

The Eocene Epoch 

American. — Along the Atlantic and Gulf borders the coast-line 
of the Eocene closely follows that of the Cretaceous, of which only 
a narrow strip separates the Eocene from the Triassic and crystal- 
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line rocks of the Piedmont plain. The unconformity between the 
Cretaceous and Eocene indicates that along this coast the latter 
period had been inaugurated by an encroachment of the sea upon 
the landU The Mississippi embayment had nearly the same size 
and form as before, extending up to the mouth of the Ohio. Flor- 
ida was entirely submerged, as was most of Central America, cutting 
off the northern from the southern continent. On the Atlantic 
coast the Eocene rocks are unconsolidated sands and clays, with 
some glauconitic greensand, particularly in New Jersey. They 
J form a narrow belt through New Jersey, Maryland, and Virginia, 
widening into a quite broad band through the Carolinas and the 
Gulf States, and extending around the borders of the Mississippi 
embayment into Texas. In the Gulf region the rocks are more 
consolidated, and are quite hard limestones, sandstones, and shales, 
with extensive deposits of lignite, formed in ancient peat bogs 
which followed the low-lying Gulf shores; some of these lignitic 
formations may be more properly referable to the Paleocene. 

On the Pacific coast a long, narrow arm of the sea occupied the 
great valley of California, extending northward into Oregon and 
Washington; its deposits are at present principally displayed along 
the eastern flank of the Coast Range. These deposits form a 
single series, the Tejon, which lies upon the Chico in apparent 
conformity; but the lowest Eocene is not represented in the Tejon, 
and in Oregon an unconformity between the two series has been 
detected. The presence of Atlantic species in the Eocene of Cali- 
fornia indicates that the barrier between the oceans which had 
existed in the Cretaceous, was submerged for a time. 

In the western interior the Eocene formations, with the excep- 
tion of a few small areas in Colorado, are all confined to the plateau 
region west of the Rocky Mountains. Formerly, they were con- 
, sidered to be lacustrine deposits, but this explanation is applic- 
able to only a small part of them; they are much more generally 
due to the subaerial agents, rivers, rain, and the wind, in the work 
of filling basins of slow depression. In some instances, at least, 
, the material of these beds is principally fine volcanic ash and dust, 
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so extensively distributed as to prove great volcanic activity in 
the region. It has not yet been determined how generally the 
formations are built up of these volcanic materials. Whatever 
the mode of then* accumulation, the Eocene stages are remarkably 
complete and have preserved a marvellous record of the successive 
faunas of tlie epoch, which registers not only the changes in ani- 
mal life, but also the shifting land connections with the other con- 
tinents. 

The oldest and most widely spread of these Eocene stages is the 
Wasatch, the principal area of which extends from New Mexico, 
over eastern Utah and western Colorado, to the Uinta Mountains 
around the eastern end of which it passes in a narrow band, ex- 
panding again north of the mountains and covering southwestern 
Wyoming. As the Wasatch is in many places buried under newer 
rocks, it is not certain that the beds are continuous over this great 
area of 450 miles long by 250 miles wide in the broadest part, but 
there is no reason to suppose that they were not originally so. 
Another great body of Wasatch strata occupies the Big Horn Basin 
of northwestern Wyoming, extending into southern Montana, and 
two small areas in southern Colorado are referred to the same date. 
The thickness of the Wasatch varies from 1500 to 2500 feet. 

The W^md River, the second of the Eocene stages, appears to 
be present in two distinct facies, though, as the two contain no 
common fossils, the correlation is open to some doubt. The beds 
of the typical facies occupy the Wind River Basin, north of the 
mountains of that name, in central Wyoming, and contain many 
remains of mammals, and also occur in the Eluerfano Canon, 
Colorado. The second facies {Green River Shales) occupies the 
same position stratigraphically that the Wind River does palseon- 
tologically, following upon the Wasatch and overlaid by the Bridget. 
This facies is typically displayed in southern Wyoming in the valley 
of the Green River and is a thick body of very finely laminated 
^^paper shales,’^ which seem to have been deposited in a very 
shallow lake, and have preserved an extraordinary number of 
plants, insecjt||g||,nd fishes, but no mammals have been foun4 
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except in the form of footprints. Occasional crystals of gypsum 
indicate that the water became salt, at least locally, while the pres- 
ence of such fishes as the Rays points to communication with the 
sea. The third of the Eocene stages is the Bridger^ of south- 
western Wyoming and northeastern Utah, which lies upon the 
Green River Shales, overlapping these east and west and extend- 
ing over upon the Wasatch. The Bridger beds are very largely 
made up of volcanic ash and dust deposited partly on land and 
partly in shallow or periodical lakes. The remains of fishes, 
crocodiles, and non-marine shells scattei*ed through the beds is 
a proof of subaqueous deposition, and the large selenite crystals 
(see p. 20), which frequently occur, indicate that the water was 
occasionally strongly saline. 

These Eocene continental deposits are principally sands and 
clays, with occasional banks of conglomerate. They are more or 
less indurated, but usually quite soft and weather rapidly, giving 
rise to the characteristic bad-land scenery so frequently mentioned. 

While the mammals of the Wasatch age are .so largely identical 
with those of Europe that an easy way of land migration must have 
been open between the continents, the similarity becomes less 
and less and the two faunas follow such divergent lines of develop- 
ment through the Wind River and Bridger ages, that the connec- 
tion between America and Europe must evidently have been 
interrupted. A brief connection with South America is suggested 
by the very unexpected discovery of an Armadillo in the Bridger, 
though it is possible that this animal was a survival from the con- 
nection which existed between North and South America in late 
Cretaceous or Paleocene times. If so, the ancestors of the Bridger 
armadillo yet remain to be discovered in the Wind River and 
Wasatch* 

The Eocene epoch was brought to a close by a series of move- 
ments which added a narrow belt of land to the^jAtlantic and Gulf 
coasts. In the interior, the plateau region was 4 <ivated and drained 
and did not again become an area of extenfef deposition. A 
great mountain-mahing disturbance followatf^lhe Bridger age, 
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elevating the mountain ranges to which the post-Cretaceous dis- 
turbances had given birth and, in the neighbourhood of these 
mountains, tilting and upturning the Eocene strata. 

Foreign. — The Old World Eocene has a very different devel- 
opment from that of North America, the eastern continents not 
assuming their present outlines till much later. At the close of 
the Cretaceous period extensive geographical changes had taken 
place in Europe, consisting chiefly in the retreat of the sea from 
wide areas which it had occupied in the Cretaceous. This was 
especially the case in Russia, northern Germany, and France, and 
southern England, and in place of the great gulf which had occu- 
pied these regions (see p. 712) were found only scattered bodies 
of fresh and brackish water in which the Paleocene deposits were 
laid down . At a later time the sea again advanced over part of these 
areas, which explains the general unconformity between the Cre- 
taceous and Tertiary strata. In southern Europe the Mediter- 
ranean regained the great expansion which it had partly lost in the 
latter part of the Cretaceous, extending far over northern Africa, 
where nearly the whole continent north of the equator was sub- 
merged in the early Eocene sea, and transgressing over southern 
Europe. A long, narrow arm of this sea extended from southern 
France, past the north side of the future Alps and Carpathians, 
into western Asia. Another narrow sea, or strait, extended down 
the east side of the Ural Mountains, from the Arctic Ocean to the 
expanded Mediterranean, completely cutting off Europe from Asia. 
This complete severance of Europe from Asia necessitates an in- 
dependent land connection of the former with North America to 
explain the community of terrestrial animals and plants between 
these continents. From Asia Minor the Mediterranean extended 
across Persia and Turkistan, northern India, Borneo, and Java, 
to the Pacific, separating the southern peninsulas from the Asiatic 
mainland. There was thus a continuous sea around the earth, 
everywhere separating the southern continents from the northern, 
though transient connections between them may have been es- 
tablished. 
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In the Alpine and north African regions wete accumulated thick 
masses of limestone, largely composed of the gigantic foraminiferal 
shells called Nummditesy a hard massive limestone which reaches 
a thickness of several thousands of feet. Closely associated with 
the Nummulitic facies of the Eocene is the Flysch, an extremely 
thick mass of sandstones and shales, which occurs in the Alps 
and Apennines, the Carpathians and Balkan Peninsula, the 
Caucasus, Asia Minor, and southern Asia generally. In the Alpine 
region the Flysch contains enormous erratic blocks of granite, 
gneiss, etc,, which appear to have come from southern Bohemia, 
and which have been interpreted as due to transportation by 
glaciei's. This interpretation has not, however, been established. 
In northern Europe no such widely spread formations occur. 
After the Eocene had continued for some time, a marine basin, 
the Anglo-Gallic, w^as formed over southern England, northern 
France, and Belgium, wdiich contains a succession of alternating 
marine, brackish, and fresh-water strata. This basin is classic 
ground, for in it were made the studies of Cuvier and Brongniart, 
which led to the recognition of the Tertiary as a distinct system 
and founded the science of Pakeontology. 

On the west coast of Africa the sea encroached in a narrow 
belt. The correlations of the early Tertiary rocks of Australia 
and New Zealand are still the subject of debate, but there seems 
to be little doubt that the Eocene is present. In South America 
the Eocene of Patagonia consists of a series of continental deposits 
containing a highly interesting succession of mammals. These 
grow more and more divergent from the mammals of the north- 
ern continents. 

The Eocene thus had broad seas where now is land, and con- 
anents now connected were then separated by straits and sounds. 
On the other hand, there were then land bridges joining land 
areas which are now far apart. Some of these land bridges may 
be reconstructed with much confidence, while others are more or 
Jess probable, America was connected with Asia across what is 
Bering’s Sea, and also with Europe, probably by an extension 
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of Greenland and Iceland. The Antarcti 
had a much greater extension than it has i 
been joined with both Australia and Sout’ 
possible that Africa was more or less dire< 
same land mass. If this be true, then in 1 
ern continents, Europe and Asia, were joint 
by way of North America, while South An 
tralia radiated in three great lines from tht 
the two series of continents, northern ai 
transverse seas, of which the Mediterram 
remnants. 

Climate. — The Eocene climate, especia 
plants, was warmer than that of the Palec 
example, the temperate flora of the latter 
one of subtropical character, and in Nortl 
cal zone extended much farther north than 

Eocene Life 

Except for the Vertebrates, Eocene li 
from the manner of its distribution over tl 
and plants are nearly the same as moderj 
the most part, still existing, though the 
extinct. 

Plants. — The Eocene flora of North An 
and varied, is found preserved in widely 
Canada, Montana, Wyoming, and Idah 
Horsetails, this flora includes some Grast 
noble Palms (Fig, 304), Myrtles, Beeches, 
Poplars, Elms, Sycamores, Laurels, Magi 
Pines, Spruces, Arbor Vitae, and the like. 
Alaska was a luxuriant growth of forests c 
such as could not exist there now. 

The European flora has a more deci( 
than that of North America, and contai 
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linng allies are now widely scattered, occurring in the warmer 
parts of America, Africa, Asia, and Australia. Cypresses, 

Yews, and Pines 
are abundant, in- 
cluding the Se- 
quoia^ now con- 
fined to California, 
and the Gingko 
of China and 
Japan. Aloes, 
Palms, and Screw- 
pines occur, 
mingled with the 
ordinary temper- 
ate forest trees, 
Elms, Poplars, 
Willows, Oaks, etc. 
The distribution 
^ ^ of plants m the 

Eocene was thus very different from what it is at present. 

Animals. — Forammifera of relatively enormous size abounded, 
and their shells make up great rock masses. OrhitoUies is a con- 
spicuous genus along our Gulf coasts, NimimiiUtes in the Old 
World. Corals are completely modern in character. The Sea- 
urchins and especially the Irregiilares are much the most important 
representatives of the Ecliinodems, Of the MoUusca both Bivalves 
(PI. XVI, Figs. 2, 3) and Gastropods (XVI, 4, 5) increase greatly 
and are very rich in species. Nautiloid Cephalopods are more 
varied and widely distributed than now (XVI, 8), and in a few lo- 
calities, particularly in India, A mmonites and Belemnites have been 
found, but these are mere belated stragglers from the Cretaceous 
and are much too rare to be at all characteristic. Among the 
Qrustacea should be noted the increase of the Crabs^ which are 
•more numerous and varied than in the Cretaceous. 

both fresh-water and marine, differ only in minor 





Plate XVL— American Tertiary Fossil^ 

vtrginuma, Miocene. 2, Pecten X Miocene, ; 

Eocene. Whilficid. 4, VoJutolUhes myanay x Eocene, 5,; Oliva 
:ene. 6, Helix dalli, Miocene, White. 7, FlancrMs 
8, Aiuria vanuxemi,^ ^ 4 , Eocene. 9, Glyptosirohus ungeri^x 
Saiix ap., X Miocene. (Figs. 1-5, and S, after Whitfield.) 
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details from modern fishes. The Reptiles arc likewise essentially 
modern in character, the Choristodera having died out with the 
Paleocene, and only two groups, the Lizards and Snakes, are more 
numerous than they had been in Mesozoic times, though the 
venomous snakes had not yet appeared. The Eocene beds of the 
West contained multitudes of large Crocodiles and a great variety 
of Turtles. 

Eocene Birds are very much more numerous, advanced, and 
diversified than those of the Cretaceous; one characteristic feature 
of the times was the presence in Europe and America of extremely 
large, flightless birds, more or less like the ostriches in appearance. 
Of flying birds there were many kinds; Owls, Eagles, Buzzards, 
Vultures, Gulls, Waders, Woodcock, Quail, Ibis, and Pelicans are 
represented by ancestral forms, somewhat different from their 
modern descendants. 

The Mammals have developed in a marvellous way since the 
Cretaceous, assuming in terrestrial life that dominant place which 
they have ever since held. Compared with the. evolution of other 
animal groups, that of the mammals has been so rapid that each 
stage of the Eocene has its own mammalian fauna, differing from 
those of the preceding and succeeding stages. Besides these 
geological differences between the successive mammalian assem- 
blages, there are often marked geographical differences between 
the faunas which are of approximately contemporaneous age, 
but widely separated in space. Comparing Europe and North 
America in this respect, we find that in the Eocene each con- 
tinent had its own peculiarities, but that the land connection be- 
tween them allowed intermigration and thus kept up a close 
general similarity in, their mammals in the Lower Eocene, but this 
connection was interrupted and the faunas of the middle and later 
portions of the epoch diverge more and more in the two continents. 
The southern continents, on the other hand, had altogether different 
^#ammalian faunas, ^ d to their long separation from the northern 

;4 .,c Paleocene mammals to those of the 
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Wasatch was very abrupt, though no great time interval is involved, 
and in Europe the change was equally sudden, most of the archaic 
Mesozoic types going out and those of more modern character 
replacing them. Evidently this was due to an influx of mammals 
from some region still unknown, “and hardly at all to a develop- 
ment of the Paleocene mammal.s. Rodents come in for the first 
time in North America. Pemsodactyls make their tirst apjiearance 
with ancestral members of the Horse iamily {Hyraeolherinm), 
the tapirs (Systemodon), and other families now extinct. The 
Wasatch horse was a curious little creature, not larger than a 
domestic cat, with four toes on the fore foot and three on the hind, 
instead of having only a single functional toe, like the modern 
horses. The curious extinct group of hoofed animals called the 
Amblypoda greatly increases in numbers and in stature, and both 
in Europe and America the predominant genus is Coryphodoft. 
Artiodactyh also appear for the first time in ancestral members 
of the Pigs (Eohyus), and the Ruminants (Trigonolestes). The 
Creodonts increase in numbers and in the size and strength of the 
individuals, Pachycena being as large as a bear. Numerous 
Lemuroids and primitive types of Monkeys {Anaptomorphus) 
swarmed in the trees. The correspondence between the mammals 
of Europe and North America was never closer than in Wasatch 
times. 

The Wind Rivee fauna is a development of the Wasafeh, ap- 
parently without the admixture of foreign elements by immigra- 
tion, and there is no such complete change as at the end of the 
Paleocene. Noteworthy is the appearance of the first known 
member of the PerLssodactyl family of the Titanotheres, a family 
which was destined to great expansion in the Upper Eocene and 
Lower Oligocene; also of the earliest true Carnivora. 

The Bridgee mammals represent a steady advance upon those 
of the Wind River. The Perissodactyls may be said to culminate 
in the Bridger; for though they aftenvards reached much higher 
stages of development, they never again had the same relative im- 
portance. Horses, still of minute size, but more highly developed 
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than those of the Wasatch, Tapirs, Rhinoceroses, and Titan- 
odieres (Pa/rmyai-.) are extraordina abundant. Coryphl- 
has vanished, but the wonderful elephantine, six-hSned 
Umtaihermm and Eohasileus (Fig. 305) take its place in North 
America though not in Europe. Artiodactyls, Creodonts, Rodents 
Tillodonts, and Lemurs were more diversified than ever and 
Bats are found here for the first time. The remarkable discov- 
ery in the Bridger of such a distinctively South American type as 
an armadillo has already been mentioned. 

In the Upper Eocene seas great whale-like forms (Zeudodon) 
of extraordinary appearance and structure had grown abundant 

The recently discovered Middle and Upper Eocene fauna of 
Egypt IS of very great interest. The mammals differ much from 
those of Europe, but there are some forms common to both regions 
The long-sought ancestors of the Elephants have been found in the 
Egyptian beds,^and a very curious animal (Arsinoctkerium), which- 
might be described as a small elephant with . a pair of huge horns 

upon its narrow head, accompanies them. 

Volcanic eruptions continued in the Rocky Mountain region 
during the Eocene. The Yellowstone Park was a centre of great 
activity, with numerous cones ejecting acid lavas and tuffs. 

The Oligocene Epoch 

American. — The marine Oligocene is better developed and 
better understood on the Gulf coast than elsewhere, and there- 
fore forms the standard of comparison. “ It was a period of 
profuse invertebrate life and steady sedimentation, especially of 
oceanic deposits in water of not always great depth. Some 2000 
feet of strata, formed almost wholly of organic debris, were de* 
posited in the peninsular region of Florida.” (Dali.) In the Gulf . 
region there is no decided stratigraphic break between the Eocene 
and Oligocene, but a change in the marine fauna. The Oligocene 
is but scantily shown on the Atlantic coast; some beds in the - 
Carolinas are referred to it and traces of it occur in New Jersey, 
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but it is generally concealed beneath the overlying Miocene. In 
the western Gulf region certain fluviatile beds are placed in this 
epoch, but upon insufficient reasons. Oligocene limestones are 
found in the Greater Antilles and very extensively in Central 
America, which seems to have been nearly or quite submerged. 
At the end of the lower division of the series there was some 
disturbance, raising northern Florida into an island, and shoaling 
the water where deposition continued. The marine fauna of the 
Oligocene is an assemblage of wann-w'ater animals, very much 
like those which now live on the coasts of the West Indies and 
Central America, some of the West Indian forms extending as far 
north as New Jersey. 

On the Pacific coast the Oligocene is found in western Oregon 
and British Columbia and very extensively in Alaska, where the 
Kenai formation, 10,000 feet thick and containing beds of lignite, 
is exposed along the coast and at many places in the interior down 
. to British Columbia. The overlying Miocene follows in apparent 
conformity. 

In the interior, Oligocene formations are among the most impor- 
tant of all the continental Tertiaries. The lower division, the 
Uinta) is found in a relatively small area of northeastern Utah 
and northwestern Colorado, where it lies unconform ably upon the 
Bridger, overlapping the latter upon the southern flanks of the 
Uinta Mountains. The Uinta, which is the last of the Tertiary 
horizons in the plateau region, is usually regarded as uppermost 
Eocene, but its fauna allies it more closely with the Oligocene. 
Its mammals show that the isolation from Europe, which had 
begun after the Wasatch, still continued. 

The Middle Oligocene, or White River, covers a vast area, 
northeastern Colorado, western Nebraska, eastern Wyoming, 
and southwestern South Dakota, with outliers in the Black Hills 
and North Dakota, and a separate area in the Northwest Territory 
; ' .of Canada. The mode of formation of the White Riverbeds has long 
, a subject of discussion; originally they were considered to be 
.^,laidustrine> a view which is supported by their very regular strath 
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fication, but it is now very generally believed that they are chieflv 
fliu utile, and^several of the old stream-channels, filled with cross- 
bedded sandstone and banks of conglomerate, have been observed 
see Fig. 36, P. ixo). The fine clays which make up mo.st of the 
beds arechieflyflood-plain deposits, but there are also beds ofpure 
white volcanm ash, showing that the volcanic activitv which was 
so marked in the Eocene still continued. A .system of streams 
nuandering over a nearly base-levelled plain, with very low 
ivides between them, would in times of flood unite into a vast, 
but bhallo\^ and temporary lake, and such would appear to have 

been the conditions under which the White River beds were laid 
down. 

^ The mammals of the White River prove that a way of intermigra- 
tion for terrestrial animals had again been established with Europe 
While many families did not join in this migration and each con- 
tinent had several groups peculiar to itself, the number of identical 
and closely allied genera common to both, and the appearance in 
America of types which Europe had had in earlier times, is suffi- 
cient proof of the renewed connection. The contrast between the 
Uinta and White River in this respect is very marked. 

The Upper part of the interior Oligocene is the John Day, which 
covers a large part of eastern O-rngon, and a small area in central 
Montana. The Oregon beds are a very thick mass (3000-4000 , 
feet) of stratified volcanic ash and tuff, with some fresh-water beds 
at the top. Evidently, gigantic eruptions were in progress and the 
vents were at no great distance, though too far away for the forma- 
tion of a coarse agglomerate. 

Foreign. —During the Eocene nearly all Germany had been 
land, but in the Oligocene it was invaded by the sea, wffiid. broke 
in from the north and covered all the northern plain, extending 
into Belgium, and sending long bays to the south. One of these 
reached to the strait on the north of the Alps, expanding into 
a large basin near Mayence and Frankfort. Over Germany the 
sea was shallow', permitting the formation of extensive peat-bogs, 
where were accumulated masses of lignite or brown coal. The 
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Oiigocene is very extensively displayed in southern Russia^ 
marine below and lignitic above. In the basin of Paris the sea 
had a greater extent than in Eocene times, though with lacustrine 
beds intercalated. The Lower Oiigocene of the Parisian area coiv 
tains thick bodies of gypsum, which were formed in very strongly 
saline lagoons. In England the beds are more of brackish- and 
fresh-water origim In soulliern P]uropc the sea retreated from 
wide areas, and in its place were extensive bodies of fresh and 
brackish water, in many of which peat-bogs accumulated masses 
of lignite. Such lignitic deposits occur at intervals in the south 
of France, Switzerland, and Bavaria. In the Alps, Apennines, 
Carpathians, Caucasus, Asia Minor, and southern Asia, the Oiigo- 
cene is represented by the upper part of the Flysch, the formation 
of which began in the Eocene. 

The Oiigocene is found in north Africa^ but in the other con- 
tinents, beside those enumerated, it has not yet been separated 
from the Eocene below or the Miocene above. 


Oiigocene Life 

The marine invertebrates so resemble those of the Eocene that 
any general statement of the differences is difficult; these diiTer- 
ences are, for the most part, of species only. 

The Uinta contains large and numerous crocodiles, their last 
appearance in the northern interior, and a highly interesting 
mammalian fauna, which, however, is only })artially known and 
demands further exploration. The great Uintathcres, which 
dominated the Upper Eocene, have disappeared, and the Peris- 
sodactyls have begun to decline in relative importance, though not 
absolutely; the small three-toed Horses continue to develop steadily ; 
Rhinoceroses and Tapirs are abundant, and the TItanotheres in- 
crease notably in stature and in the prominence of their horns. 
The most characteristic feature of the Uinta fauna, however, is 
the great increase in the Artiodactyls, wffiich then began to assume 
the place they have ever since held as the most numerous and 
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important of the hoofed animals. In the Uinta the Artiodactyls 
mostly belong to a great and typically American group {Tyhpoda), 
of which the camel and llama are among the few modern survivors! 
The most primitive known ancestor of the camels and llamas is 
found in these beds {Protylopus) associated with a curious extinct 
family, the Oreodonts, which were extremely abundant and varied 
throughout the American Oligocene and Miocene, and with other 
families of small, graceful animals, which throve also in the White 
River and John Day. This large assemblage of the Artiodactyls 
distinguishes the Uinta fauna very sharply from that of the Bridger, 

The Creodonts are still common, though distinctly less .so than 
they had been in the Eocene, and the true Carnivora are beginning 
to replace them. 

In the White River, or Middle Oligocene, the Crocodiles have 
become extremely rare, and only a dwarf s]X‘cies is known, but 
Lizards are much more numerous. The Mammals, which are 
preserved in astonishing numbers, resembled those of the Uinta, 
but had made great progress since that time. The Creodonts had 
almost disappeared, leaving only one or two curious genera 
{e.g, Hycenodon)j while the Carnivora became abundant, Dogs, 
Sabre-tooth Cats, Weasels, and primitive Raccoons, being rep- 
resented. The Lemurs and Monkeys have vanished from North 
America. The Perissodactyls corttinue to be almndaiit; the 
Horses are represented by the little ihvc^-iotd Mesohippus^ 

, about as large as a sheep, the Tapirs by F rota pirns ^ and Rhi- 
noceroses by three very distinct series: thus, Meiamynodon wa.s a 
heavy, short-legged, aquatic animal, not unlike a hippopolamus 
in appearance; Ccunopns a more slender, terrestrial animal with 
the proportions of a tapir, and Hyracodon was a long-necked, 
long-limbed, lightly built, running type, yet still a rhinoceros. 
The Titanotheres culminate in the massive, elephantine Tikino- 
therium and its allied genera, which developed huge nasal horns 
(see Fig. 306) and died out early in the White River. ■ 

The Artiodactyls continue to increase; the native stock which 
came over from the Uinta age shows a distinct advance in develop- 
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ment; the Camels (Poebrothenum) and allied families are very 
common, among them Proloceras, a very curious animal, the male 
of which had four hoiiis, and a pair of tusks in the upper jaw, 
while the Oreodonts must have covered the plains in great herds’ 
so abundant are their remains. The Peccaries, or American rep- 
resentatives of the pigs, are not yet known from the Uinta, but 
occur in the ^\hite River {Pefcluvrus), and the extraordinary, 
long-limbed, two-toed, pig-like Elotheriim may have descended 
from Uinta ancestors, or may have been a migrant from the Old 
World, as certainly were the members of the European family of 
Anthracotheres (AiitlirufotJienim and Hyopotamus) which appear 
in the White River beds; there is nothing like them in the Uinta. 
The Rodents of the White River are much more numerous and 
varied than they had been before; Marmots, Squirrels, Beavers, 
Mice, Pocket-gophers, and Rabbits were already well established. 

The Mammals of the John Day are much like those of the White 
River, but are more advanced and modernized, and some ancient 
groups have vanished, among them the Creodonts, the aquatic and 
cursorial Rhinoceroses, the immigrant Anthracotheres, and the 
huge Titanotheres. On the other hand, the Carnivora, especially 
the Dogs and Sabre-tooth Cats, greatly increase in numbers and 
diversity, and the same is true of the Rodents. The Horses and 
true Camels arc larger than those of the White River, as are also 
the Oreodonts, but the Rhinoceroses are reduced to the two-homed 
Dkemtherium. 

The Oligocene Mammals of Europe have much in common With 
those of North America, but there are many local differences. In 
Europe, the Weasels were much more varied and common than 
in America, and the Civet-cats, a family whicli never reached this 
continent at ail, were well represented. Some families of Peris- 
sodactyls, such as the Palteotheres, and a host of Artiodacty! 
families, some extinct, like the Anoplotheres, Cainotheres, and 
Xiphodonts, and the true Ruminants, were then peculiar to the 
Old World. 

Cliniate. — The disappearance of the crocodiles frq|tf north 
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ern interior seems to show that the climate had grown rather cooler, 
though on the Atlantic coast warm-water conditions still continued, 
and the vegetation shows that Europe still had a subtropical 
climate, palms growing up to the north of Germany. The Kemi 
beds of Alaska contain a temperate vegetation, and probably 
the leaf-bearing beds which are distributed so generally around 
the Arctic Sea and have yielded similar plants, should be referred 
to the Oligocene, though they are usually called Miocene. 


The Miocene Epoch 

American. — The marine Miocene rocks, which have an enor- 
mous development on the Padlic coast, are rather scantily dis- 
played along the Atlantic and Gulf borders. The eastern coast, 
which had emerged during the Oligocene, was slightly depressed, 
and the Miocene beds were deposited unconformably upon the 
Eocene, in some places overlapping the latter landward, and it 
may be that the narrow belt of coastal Eocene has all been exposed 
by the denudation of the overlying Miocene. In any event, the 
Miocene coast-line was nearly the same as that of the Eocene had 
been, save for the reduction of the Mississippi embayment and the 
presence of the Florida island. Miocene beds occur in the island 
of Martha’s Vineyard, apparently are concealed beneath the sea 
along the New England coast, and, from New Jersey southward, 
are almost continuous. In New Jersey their thickness is only 
700 feet, thinning to 400 feet in Maryland, but reaching 1500 feet 
in eastern Texas, where they are concealed under later deposits, 
but their presence is revealed by deep borings. In the North 
the strata are unconsolidated sands and clays wdth local accumula- 
tions of diatom ooze, as at Richmond,Va. (seep. 314), but in Florida 
they are compact limestones, and in Georgia, limestones and con- 
glomerates, Owing to the nearly complete closing of the Missis- 
sippi embayment, Miocene strata do not extend into Tennessee 
and Arkansas. 

Atlantic coast had been a time of warm 
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waters, but in the Miocene a cool current flowed southward along 
the shore and through the straits between the Florida island and 
the mainland into the Gulf of Mexico. “The change by which 
the Ohgocene was brought to a close and the typical Miocene in- 
augurated, caused . . - the most remarkable faunal break in the 

geological history of the United States after the Cretaceous” 
(Dali.) 

On the Pacific coast the Miocene rocks, though reaching the 
enormous thickness of 5000 to 7000 feet, form only a narrow belt 
and he unconformably upon the Eocene. The Coast Range 
formed a chain of reefs and islands in the Miocene sea. Volcanoes 
were very active and showered great quantities of ash into the sea 
; where it was extensively miingled with diatoms, which largely 
compose the Monterey series, though sand.stones and bituminous 

shales also occur. The sea did not extend into the northern part 
of the Sacramento valley, which is filled with continental sedi- 
ments, fluviatile and subaerial and perhaps partly lacustrine 
Orogenic disturbances took place in California, for the older part 
of the series in the Santa Cruz Mountains near San Francisco is 
folded and metamorphosed and the newer part there rests uncon- 
formably upon it. 

The foothills of the Sierras had been worn down to a peneplain, 
which was elevated, perhaps early in the Miocene, and carved into 
valleys and ridges, and in the lower stream courses the “ deep 
Auriferous Gravels ” were laid down. In the Upper Miocene 
came a depression and very thick masses of the “ bench Aurif- 
erous Gravels ” accumulated in the valleys. Then followed a 
time of great volcanic activity in the Sierras, at first forming lava- 
flows and tuffs of rhyolite, then, after an interval, andesite tuffs 
and breccias, which poured down the valleys as great torrents of 
mud. 

The coast of Washington and Oregon was covered by the sea, 
which extended up the valley of the Columbia and its tributary 
the Willamette, but the beds are far thinner than in Callfji^ia and, 
in places, lie upon folded and eroded Eocene. Tjie Iba.also 
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extended over parts of British Columbia. Early in the Miocene, 
Alaska was depressed, especially to the north, and the valley of the 
Yukon invaded by the sea and much of western Alaska was sub- 
merged, yet in the Middle and Upper Miocene, at least, some land 
connection with the Old World must have existed. 

The Miocene fauna of California was largely indigenous and 
shows no evidence of communication with Asia, which would 
indicate that Bering Strait was open; if so, the undoubted con- 
nection of America with Eurasia must have been by some other 
route, perhaps by way of Greenland and the north Atlantic. 
Atlantic Miocene species are not known in the Pacific fauna, 
whence it may be inferred that the upheaval of Central America 
and the Isthmus of Panama, joining South and North America 
and separating the two oceans, took place at the close of the Oligo- 
cene, though there are some difficulties in accepting this view. 

In the interior region Miocene continental deposits, mostly 
fiuviatile, cover a vast area, though to no very great depth. The 
Arikaree, or Rosebud^ which is in part transitional from the 
uppermost Oligocene, is found overlying the White River beds in 
South Dakota, western Nebraska, and eastern Wyoming, with 
small areas in northeastern Colorado and Montana. The middle 
Miocene Rwer stage, occurs in widely scattered areas of re- 
stricted extent, in central Montana, central Wyoming, northeastern 
Colorado, northwestern Texas, and eastern Oregon. In this stage 
the migration of land mammals from the Old World, which ceased 
at the close of the White River Oligocene, was resumed, bringing 
in several new types, particularly the primitive elephants, which 
migrated from Africa to Asia and reached Europe and • North 
America at nearly the same time. In this stage also appear the 
first forerunners of the migration from South America for which 
the junction of the two Americas opened the way. The Loup 
Fork stage covers much of the Great Plains region with a thin sheet 
of fine sands and marls, in successive disconnected areas from 
South Dakota far into Mexico, with outlying areas in Montana 
and Ifew Mexico. 


LOWER MIOCENE 


THE MIOCENE EPOCH 


75 1 


In addition to these comparatively well-known and well-defined 
stages of the Miocene, there are several others which are referred 
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Fig, 307, — I dealked section of the great Bad Lands of South Dakota, (Osborn) • 

to the Miocene, although for no very convincing reasoits,. In ^ ' JJ;.! 

southwestern Nevada is an immense thickness (14,000 feet) of 
, supposably Miocene beds, described as being lacusUines-bttl^ con- * 
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taining some coal and sulphur. Several other areas are found in 
Nevada, Washington, and British Columbia. A small area of 
probably Miocene rocks occurs in the South Park of Colorado, 
the Florissant beds, which have usually been ealled Oligocene, 
but which recent and more extended studies have shown to be 
probably Miocene. The deposits are thin, papery shales, com- 
posed of line volcanic ash showered into a small body of water, 
and have preserved countless insects and plants, many fish and a 
few birds, but no mammals. 

The Miocene was a time of great volcanic activity in the Pacific 
mountain ranges and along the principal range of the Rocky 
Mountains; the great volcanoes of the Cascades and of Mexico 
are believed to date from this epoch, and in the Yellowstone Park 
were immense eruptions of andesites and basalts, both lavas 
and tuffs. The great Columbia River basaltic flows are of early 
Miocene date, for they lie upon the slightly disturbed and eroded 
John Day, while Middle Miocene beds were deposited upon them. 
Vulcanism was also displayed in the West Indies, the Andes, and 
Patagonia. 

As have seen, orogenic movements went on in California be- 
tween the Lower and Upper Miocene. Later in the epoch and at its 
close, these movements grew very important and widely extended, 
affecting the mountains of all the Pacific States and causing the 
principal upheaval of the Coast Range in California and Oregon. 
The great fault bounding the Sierras on the east was made and the 
block mountains of the Great Basin raised by an extensive system 
of faults. The high plateaus of southern Utah and northern 
Arizona were raised, beginning the great erosion-cycle of the 
Colorado River, In the East the West Indian islands were raised 
and the Florida island was joined to the mainland. 

Foreign. — In the north of Europe the sea retreated from large 
areas; northern Germany was now dry land, with only a relatively 
small bay invading it, while England was entirely above water, 
and has no marine Miocene beds. On the west coast of Europe, 
, the Atlantic encroached largely, as in France, Spain, Portugal, 
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and also the northwest of Africa. Spain was joined to Africa, 
but straits across northern Spain and southern France connected 
the Atlantic with the Mediterranean. Another change of great 
importance was the shutting off of the long-standing connection of 
the Mediterranean with the Indian seas. The former covered 
much of eastern Spain, and flooded the lower Rhone valley, send- 
ing an arm along the northern border of the Alps to the neigh- 
bourhood of Vienna, Here it expanded into a broad basin, con- 
nected with another great basin covering Hungary. Most of 
Italy, Sicily, and a large part of northern Asia Minor were under 
water, but the Adriatic and yEgean Seas were mostly land, and 
the Alps formed a chain of islands, mountainous, but not nearly 
so high as at present. 

At the end of the Lower Miocene came a great upheaval of the 
Alps, by which the sea was again excluded from that region, and, 
just as in the Oligocene, inland seas and lakes took the place of 
the marine straits. The basins of Vienna and Hungary had a very 
complex history, with repeated changes of size and position, re- 
sulting in the formation of an immense inland sea (the Sarmatian 
Sea), which reached from Vienna to the Black, Aral, and ^gean 
Seas, and was nearly as large as the present Mediterranean. This 
vast basin had but a limited connection with the ocean, and repre- 
sented conditions much like those of the Black Sea at present. 
Europe had also a number of fresh- water lakes, particularly in 
France, Switzerland, and Germany, which have preserved a very 
interesting record of Miocene land life. A comparison with that 
of North America shows that a way of migration was still open 
between the two continents. In the basin of the Ebro, in Sjjain, 
the Miocene consists of red sandstones and marls, with beds of 
gypsum and salt, demonstrating arid conditions which were no 
doubt only local. 

In the Old World the Miocene was a time of mountain making. 
The Pyrenees had been elevated in the later Eocene; the Alps 
received nearly their present altitude in the Miocene. The Apen- 
nines had two distinct phases of upheaval, one in the Eocene and 
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one in the Miocene, the latter coinciding with that of the Alps, 
The Caucasus dates from the close of the Miocene, while the date 
of the Himalayas is yet uncertain, but was either Eocene, or 
Miocene. 

Marine Miocene beds occur in north Africa, on the coast of 
the Soudan and in Asia Minor. In Asia marine Miocene is known 
to be present in northwestern India, in Burmah and Japan, also 
in the island of Java. 

The whole of Patagonia was submerged in a great transgression 
of a shallow, epicontinental sea, the Patagonian stage, and after 
some oscillation the sea withdrew and the terrestrial Santa Cruz 
beds were deposited. These are very largely composed of volcanic 
tuffs, but also contain cross-bedded sandstones and other fiuviatile 
deposits. Marine deposits which are correlated with the Pata- 
gonian stage are on the west coast of Chili. 

The Tertiary rocks of Australia and New Zealand which cover 
extensive regions, especially in Victoria, have not yet been defi- 
nitely classified. Certain of these, usually referred to the Oiigocene 
but more probably Lower Miocene, show so close a resemblance in 
their fossils to those of Patagonia, as to require the assumption 
of a continuous coast-line with South America, probably by way 
of Antarctica. The probability of this assumption is much 
strengthened by the occurrence of the marine Patagonian with 
its characteristic fossils in the South Shetland Islands, an Antarctic 
group. 

Miocene Life 

The life of the Miocene is in all respects a great advance upon 
that of the Eocene and Oiigocene. The Grasses greatly multiply 
and take possession of the open spaces, producing a revolution 
in the . conditions of food for the herbivorous animals. The vege- 
tation of North America, as far north as Montana, perhaps even 
. tQ northern British Columbia, still bore a southern character. In 
:: the Upper Miocene tuffs of the Yellowstone Park and contemporary 
'^strata of Oregon are found such trees as Poplars, Walnuts, Hicko- 
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lies, Oaks, Elms, Maples, Beeches, noble forms of Magnolias and 
Sycamores. One species of Aralia had leaves 2 feet long by 
3 inches wide. Curiously enough, the Breadfruit {Artocarpus) 
flourished in Oregon, and probably on the Yellowstone also. 
Conifers were numerous and varied. At Florissant the plants are 
of a similar warmTeniperate character, with very few palms, 
but with Sequoia^ the California Redwood, abundant. 

In Europe the Lower Miocene flora was quite like that of modern 
India; over the central and western regions Palms continue to 
flourish, together with Live Oaks, Myrtles, Magnolias, Figs, etc. 

In the latter part of the ef)och a 
change is noted, and such trees as 
Beeches, - Poplars, Elms, Maples, 
Laurels, and the like become 
dominant. 

Marine Invertebrates belong 
almost entirely to genera which 
still live in the seas, and many of 
the species persist to our own day. 
In Europe the older Miocene h as 
numbers of shells >such as now live 
only in warm seas, like 
Mitra^ 

PL XVII, p. 765.) The Miocene 
of our Atlantic coast was evidently 
a time of cooler waters, and a similar change took place in 
Europe in the Upper Miocene. A very characteristic shell of 
the Atlantic coast Miocene is Eephora qmdricostata (Fig. 309). 

The terrestrial Vertebrates of the interior are. of much interest. 
Little is known of Miocene Birds in this country, but in Europe 
they are abundantly preserved and are of ^distinctly African 
character. Parrots, Indian Swallows, Secretary Birds, Adjutants, 
Cranes, Flamingoes, Ibises, Pelicans, Sand-grouse, and numerous 
Gallinaceous birds, w^ere mingled with birds of European type, 
such as Eagles, Owls, Woodpeckers, Gulls, Ducks, etc. 
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The Lower Miocene (/Interne) Mammals of the interior have only 
lately been discovered and are not yet fully described. In general, 
these animals are a continuation of the John Day fauna, in a 
higher stage of advancement, without admixture of exotic 
elements. The Ancylopoda, a very curious group of hoofed 
animals in which the hoofs had been converted into huge claws, 
and of ivhich a few traces have been found in the White River 
and John Day, assume great importance in these beds. 

In the Middle Miocene {Deep River) came a renewed migration 
from the Old World, bringing in the fct of the elephant group 
(Frobosddea) which had simpler teeth than the modern elephants 
and a pair of tusks in the kwver jaw, as well as in the upper. 


The genus is Tetrahelodon. The first of the true Rmnmanis to j 

appear in North America came in with this migration and were, ^ 

in a measure, intermediate between deer and antelopes, while I 

European Rhinoceroses accompany them. Of the native stock, 
the Horses and Camels deserve particular mention as having in- 
creased in size and in variety and having made great advances to- 
ward the modern standard. The Oreodonts in a variety of bizarre 
genera, some of them aquatic, are very common. 

The Upper Miocene {Loup Fork) Mammals resemble closely 
those of the Deep River stage, rather more advanced and modern- 
ized. The true Cats and a number of weasel- and otter-like 
Carnivores came in from the Old World, while the Wolves^ Pan- 
thers, and Sabre-tooth Tigers were very numerous. Besides the 
true Ruminants, the American type of Camels and Llamas con- 
tinued to flourish in such genera as Procamelus, Pliauchenia, 
and others. One very remarkable camel, Aliicamelus, had 
nearly the same proportions as the giraffe. The extraordinary 
four-horned genus, Protoceras, of the White River, is represented 
by Syndyoceras, in which the four horns are mucli increased in 
length, but the tusks are reduced. The Loup Fork Horses 
(Frotohippus and Hipparion) are much more modern in char- ■ 

acter and larger iii size than their predecessors, but still have :| 

three toes on each foot. The Rhinoceroses are very abundant, - ^ 
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and form a peculiar American genus {Aphdops) of massive^ 
hornless animals. The Peccariesj or American swine, were com- 
moner in the Loup Fork than in the earlier Miocene stages. 
The Atlantic coast Miocene has yielded numbers of Dolphins, 
Sperm and Whalebone Whales. 

In Europe the Upper Miocene mammals were, in general, like 
those of North America, but a salient difference is in the much 
greater number of early types of Deer and Antelopes which are 
found there, together with various forms of Swine and ancestral 
Bears. Besides the Mastodons, which were common to both con- 
tinents, Europe had in Dinotherimi a remarkable kind of elephant; 
this animal had a much flattened head and a pair of massive, 
backwardly curved tusks in the lower jaw. The weasel and otter 
tribe of Carnivora was much more abundant and varied in Europe, 
and the Civet-cats, which were also common there, did not migrate 
to America. 

Little is known of the Miocene Mammals of other continents 
except South America, where a magnificent assemblage has been 
preserved in the Smta Cniz tuffs of Patagonia. This fauna is so 
entirely different from that of the northern hemisphere that it 
seems to belong to another world. It contains no Carnivora, 
Proboscidea, Artiodactyla, or Perissodactyla. The ffesh-eaters 
were carnivorous Marsupials, like those of Australia, and another 
family of Marsupials like the Australian Fhaiangers, was also 
present in addition to the American Opossums. The Rodents, 
of which there were very many, all belong to the great porcupine 
group (Hystricomorpha) and closely resemble modern South 
American types, but among them are no rats or mice, squirrels, 
marmots, beavers, hares, or rabbits. Edentates are extraordi- 
narily numerous and varied, Armadillos, Glyptodonts, and 
Ground Sloths forming one of the most conspicuous elements of 
the fauna. Hoofed animals were present in multitudes, but 
though having a certain likeness to those of the northern conti- 
txents, they are but remotely related to them. The Toxodontia 
{Nmdon) were slow and massive animals, and the little Typo- 
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theria had a superficial resemblance to Rodents. The Litopterm 
had one group hich imitated the horses in a surprising manner 
and another which had some likeness to the llamas (see Fig. 310). 
The Homalodotheria were a parallel to the northern Ancylopoda 
and the Astrapotheiia, laigest of Santa Cruz mammals, were not 
altogether unlike Rhinoceroses. 

The climate of the early Miocene was much like that of the Olig- 
ocene and decidedly warmer in Europe than in North America, 
though it was mild even in the latter. The difference seems to have 
• been largely due to the manner in which Europe was intersected 
by arms and gulfs of the warm .southern sea. In the Upper 
Miocene the climate became distinctly cooler on both sides of the 
ocean. 

The Pliocene Epoch 

American. — The Pliocene is not a conspicuous formation in 
this country, and only of comparatively late years has it been 
recognized at all on the Atlantic coast. The movements which 
closed the Miocene gave to the Atlantic and Gulf shores nearly 
their present outlines, but some differences may be noted. Much 
of southern Florida was still under water, and a gulf invaded 
northern Florida, covering a narrow strip of Georgia and South 
Carolina. Isolated patches of Pliocene rocks in North Carolina 
and Virginia may be remnants of a continuous l>and. The Gfty 
Ileai Sands on the island of Martha’s Vineyard have marine 
fossils and lie unconforraably on the Miocene, forming the most 
northerly known expo.sure of marine Pliocene on the Atlantic 
coast. All of these marine formations in the eastern United 
States are very thin and in notable contrast to the Pacific coast. 
Florida also has some fresh-water Pliocene. A small part of 
eastern Mexico, much of Yucatan, and some of Central America 
were still submerged. 

On the Pacific coast the post-Miocene upheaval had laid bare 
the western foothills of the Sierra and greatly disturbed the Mio- 
cene strata of the Coast Range. The latter range sank again early 
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in the Pliocene, whose strata lie unconformably upon the Miocene 
and extend over upon older beds. The transgression of the sea 
was Hmited, and Pliocene rocks form only a narrow band along 
the coast in California, Oregon, and Washington. The San Fran- 
cisco peninsula was an area of subsidence and maximum deposi- 
tion, for here no less than 5800. feet of sandstone (the Merced 
series) were formed, and quite lately Professor Lawson has de- 
scribed a series of beds, containing much volcanic material, 7000 
feet thick, lying below tlie Merced and above .the Monterey Mio- 
cene. This would make the Pliocene near San Francisco have 
a thickness of nearly 13,000 feet, by far the thickest mass of 
Pliocene in North America. On the other hand, a deduction, 
perhaps a very considerable one, should probably be made from 
this thickness, for the upper part of the Merced appears to be 
Quaternary. (Dali, Arnold.) The mountains of British Colum- 
bia are believed to have been at a higher level than now, an ele- 
vation which probably connected Vancouver’s and the Queen 
Charlotte Islands with the mainland. Marine Pliocene also occurs 
in southern Alaska. The marine Pliocene faunas of California 
and Japan became closely similar, due to a migration along' the 
shore around the North Pacific, where the climate was temperate, 
no Indian .species joining in the migration of the Japanese forms. 
In the Upper Pliocene the waters of the California coast appear 
to have l.)cen .somewhat colder than they are now. 

In the interior region a few areas of Pliocene, resembling the 
Upper Miocene in physical character and in mode of formation, 
have been described. The oldest of these, the Republican River 
stage, overlies and is intimately associated with the upper Loup 
Fork, in northwe.stern Kansas, northern Nebraska, and eastern 
Oregon. The Blanco stage is typically displayed in the Staked 
Plains of northwestern Texas, where it contains South American 
mammals, and is also found in Nebraska and Oregon. The 
Upper Pliocene is not definitely known to be represented in the 
interior, but its presence is suspected in Texas and elsewhere. 

Some isolated areas of Pliocene which cannot yet be correlated 
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with the stages mentioned, are found in southern IdahOj eastern 
Washington, etc., and no doubt much of the surface deposits of 
the Great Basin and other regions is Pliocene, but lack of fossils 
prevents their determination. 

The volcanic activity in the Pocky Mountain and Pacific coast 
regions, which had begun in the. Cretaceous, continued through 
the Pliocene. The great outflow of rhyolite which built up the 
Yellowstone Park plateau is referred to the Pliocene. Some of 
the enormous fissure eruptions, which flooded northern Cali- 
fornia and Nevada, southern Idaho, eastern Oregon, and Wash- 
ington, with thick sheets of basalt, obliterating the valleys and 
revolutionizing the system of drainage, are probably Pliocene, 
as some are demonstrably Miocene. 

A problematical formation is the Ta/aye//^, whose geological 
po.sition and mode of origin are still debated. The Lafayette is 
a belt of sands and gravels which runs through Maryland, Vir- 
ginia, the Carolinas, and the Giilf States, around the southern end 
of the Appalachians, up to southern Illinois, whence it turns south- 
westward to Texas. As in the typical expOvSures the Lafayette 
rests unconformably upon the Miocene and is uncomformably 
overlaid by the Pleistocene, many authorities refer it to the Plio- 
cene. The mode of formation is somewhat obscured by the ab- 
sence of fossils, but this very lack and the physical characters of 
the beds make a marine origin improbable. It is more likely 
that the deposition was subaerial, resulting from a compara- 
tively rapid Pliocene uplift in the Appalachian region.^’ (Dali.) 
According to another view, the Lafayette is due to a depression 
of the coastal plain while the Piedmont region was elevated, 
^^and streams gorged with detritus from the decayed, uplifted 
Piedmont above rushed down to the sea and poured their con- 
tents into the ocean, Either the waves w'ere weak or the sea 
advanced rapidly or this decayed material was discharged in 
enormous quantities, for the sea was unable to cope with it and 
deposited it unsorted on the bottom.” (Shattuck.) 

, At or near the close of the Pliocene, extensive upheavals took 
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place in several different parts of the continent, especially on the 
Pacific slope. The rise of the Rocky Mountains continued rais- 
ing the western part of the Miocene beds 3000 feet higher than the 
eastern. The height of the Sierra was greatly increased by the 
rise of the mountains along the eastern fault-plane and the tilting 
of the whole block westward. The new valleys cut through the 
late basalt sheets of the Sierras are znuch deeper than the older 
valleys excavated in Cretaceous and Tertiary times, which is 
due to the greater height of the mountains and consequkt greater 
fall of the streams. The fault-blocks which form the Basin Ranges 
were still further displaced, increasing their height. The Wasatch 
Mountains and the High Plateaus of Utah and Arizona were again 
upraised. The great mountain, range of the St. Elias Alps, in 
southeastern Alaska, Was upheaved at this time, or even later, 
and the mountains of British Columbia were probably raised still 
higher. In W''ashington and Oregon the uplift was smaU, but 
became much greater in southern California, reaching 2500 feet 
in the Monte Diablo range. On the eastern side of the continent 
the uplift was on a much more re.stricted scale, not generally ex- 
ceeding 100 feet. The Florida anticline underwent renewed 
compre.ssion, which increased its height; in Georgia, the con- 
tinuation of this fold rose to 400 feet. The same movement ex- , 
tended the coast of Me.xico and Central America and brought the 
continent to nearly its present outlines. 

It is not necessary to suppose that all these movements were 
contemporaneous; merely that they occurred, now in one place, 
now in another, at or near the end of the Pliocene epoch, 

Foreign, — In Europe the sea generally retreated at the end of 
the Miocene, leaving in the north only Belgium and a small part of 
northern France under water. In England the sea advanced upon 
the land; while in the Mediterranean region large areas remained 
submerged, as in Spain, Algeria, nearly all of central and southern 
Italy and SicOy, and Greece. In this region volcanic activity 
was intense, and Aitna, Vesuvius, and the volcanoes of central ■ 
Italy had begun their operations. Germany has no marine 




764 


THE TERTIARY PERIOD 


Pliocene, but extensive areas of iiuviatile and other continental 
deposits belong to this epoch; especially famous are the stratilied 
sands of the Eppelsheim basin, called Dinotherium sands, which 
also occur in several other parts of South Germany. In the lower 
Main valley are Pliocene lignites, the plants of which are nearly 
one-half Conifei*s, but also include many American trees, such as 
Walnuts and Hickories. Continental Pliocene, containing the 
same land mammals, occurs in many separate areas of southern 
Europe and Asia Minor, Mt. Lcberon in the south of France, 
Pikermi near Athens, the island of Samos, which was then part 
of the continent, and Maragha in Persia, are all celebrated locali- 
ties of the older Pliocene, while the newer Pliocene fauna is found 
in great abundance in the river deposits of the lower Arno valley 
in Italy (Val d^Arno stage). Over the region of the great Sar- 
matian Sea of the Upper Miocene were numerous bodies of brack- 
ish water, in which lived shells much like those which now inhabit 
the Caspian. 

On the south side of the Himalayas, in northern India, 
are several thousand feet of sandstones and conglomerate, with 
some clay and lignite, formed principally from the piedmont 
accumulations transported from the Himalayas during tlie 
Pliocene, though probably the process of accumulation began in 
the Upper Miocene. These deposits now make the Siwalik 
Hills, famous for their fossil bones; and similar deposits with the 
same fossils occur in Borneo, and probably Java, which then 
were connected with Asia. In South America a Pliocene trans- 
gression of the sea took place, submerging the entire eastern 
coast of Argentina and Patagonia {Parana, or Cape Fairweather 
stage) and along the line of 47° S. lat., at least, extending to 
the foothills of the Andes* The marine Pliocene beds were 
involved in the last upheaval of the southern Andes. 

Pliocene Life 

. The life of the Pliocene is very modern in character. Little is 
known of the vegetation in North America, but in Europe it is 
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marked by the continued disappearance of the characteristically 
tropical plants and by an approximation to the modern European 
flora. Many trees persisted, however, which are no longer native 
to that continent, but are still found in eastern Asia or in North 
America, such as Tulip Trees, Walnuts, Hickories, Magnolias 
Sequoias, etc. ^ 


Plate XVIT. — Tertiary Fossils from Florida 

Fig. I, Marginella aurora, x 3/4, Miocene, a, Nassa hidentaia, x 3/4, Miocene and PHo 
cene. 3, Purpura conradi, x 2/3, Miocene. 4, Naticajioridana, x 1/2, Miocene. , 5, MUrd 
X ^2, Miocene. 6, Fasdolaria fulipa,x 1/2, Pliocene. 7, Typhu fioridam, Plio- 
cene, 8, Turbo rectogrammkus, X 1/2, Pliocene, (After D all) 

Marine Invertebrates are nearly identical with modern forms, 
and the great majority of Pliocene species of shells are still living. 

The Mammals are still somewhat behind their modern succes- 
sors, though much more advanced than their predecessors, 
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Those of North America are still inconipietely known, and the 
list is a short one. Mastodons, Horses, Rhinoceroses, Peccaries, 
and very large Llamas represent the hoofed animals, beside the 
Dogs, Cats, and Mustelines. The effects of the connection with 
South America are seen in the appearance of the gigantic Ground 
Sloths and Armadillos, and of southern families of Rodents. If 
this connection was actually established at the close of the 
Oligoceiie, it is difficult to see why the South American mam- 
mals should so long have delayed their migration to the north. 

The early Pliocene mammals of southern Europe closely re- 
semble those of modern Africa, — Wolves, Cats, Civets, Hy£enas, 
Monkeys, Rhinoceroses, three-toed Horses, Deer (of which Africa 
has none), a great variety of Antelopes and of Giralf e-like forms, 
and Swine. Mastodon and Dinotherium persisted, the latter 
attaining great size, India had a similar fauna, with certain 
geographical differences. Especially to be noted are the great 
variety of Oxen, the presence of Bears, true Elephants, and the 
Hippopotamus, of the first Old World Camels, and of the ex- 
traordinary SimtheriuM and Bnihmatherium^ great four-horned 
creatures allied to the Giraffes. In the Upper Pliocene the true 
Elephants, Oxen, Hippopotamus, and Bears had extended their 
range to Europe, but not, so far as we know, to North America. 
In volcanic tuffs of probably Pliocene age on the island of Java was 
discovered a fossil, PilJiecanfhropm erectm^ which has attracted 
great interest and has been the subject of much discussion. Ac- 
cording to one view, these bones, part of the skull and a thigh bone, 
represent one of the missing links in the ancestry of Man; ac- 
cording to another, they are human, but abnormal, while a third 
opinion regards them a,s belonging to a large ape. The material 
is insufficient for a definite solution of the problem. 

On the coast of Zuiuland, southeastern Africa, a small area 
of continental Upper Pliocene has yielded a few fossil mammals, 
which suffice to show that Africa had already acquired the fauna 
which characterizes it now. The list includes an elephant, rhi- 
noceroses, hippopotamuses, and several antelopes. 
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The Climate of the Pliocene was, on the whole, evidently cooler 
than that of the Miocene, as is shown by the changes in the char- 
acter of the vegetation and of the marine shells. On the Ameri- 
can Atlantic coast this is not true, for here the Miocene waters 
were exceptionally cold and the Pliocene was warmer, but, on the 
other hand, the thin beds of Florida and the Carolinas represent 
but a small part of the Pliocene. In the English Pliocene the 
proportion of Arctic shells rise.s from 5% in the olde.st to over 
60% in the newest beds. The refrigeratiim was greater in the 
sea than on the land, for the vegetation shows that the air had 
not yet grown cold. That was to come later. 


CHAPTER XXXVI 


THE QUATERNARY PERIOD 

The Quaternary is the last of the great divisions of geological 
time and may be said to be still in progress, for its events led by 
gradual steps to the present climatic and geographical order of 
things, and to the present geographical distribution of animals 
and plants over the surface of the earth. Quaternary deposits 
are to a very large extent continental in their origin, marine sedi- 
ments in most regions being of very subordinate extent, and con- 
sist generally of loose, uncompacted sands, gravels, boulder clays, 
clays, and the like. These deposits never reach any very great 
thickness, but their horizontal extent is at least equal to that at- 
tained by any preceding system, for in one form or other they 
cover almost the entire surface of the globe. In an even greater 
degree than in the Tertiary are the Quaternary formations of 
different areas difficult to correlate, because of the locally re^ 
stricted character of many of them, the frequent and radical 
changes of facies from point to point, and the scantiness of fossils 
or their absence over wide regions. 

The line of division between the Tertiary and Quaternary is 
not easy to draw, especially in those regions which were not 
reached by the great glaciers and ice-sheets of the Pleistocene. 
The seas at the end of the Pliocene had much the same extent as 
later, and on the same coasts the same kinds of material continued 
to accumulate, and some of the Pliocene coral reefs continued to 
grow uninterruptedly into the Pleistocene. Even in the regions of 
glaciation, the end of the Tertiary is fixed differently by different 
. authorities, 

768 


THE PLEISTOCENE OR GLACIAL EPOCH 



769 

According to general practice, the Quaternary is divided itito 
two epochs, (i) the Pleistocene, and (2) the Recent, though various 
names are used for them. 

The Pleistocene or Glacial Epoch 

The conception of immense ice-sheets, like those of Greenland 
and Antarctica, covering large parts of North America and Europe 
at comparatively recent geological dates, is one that at first seems to 
be incredilile, and made its way very slowly in the face of determined 
opposition . Originally suggested by Agassiz about 1846, it required 
nearly thirty years to gain the general acceptance of geologists. 
This change of view was brought about by evidence too strong to 
be resisted; not that all difficulties have been removed and all 
problems solved, but no other hypothesis can rival the glacial in 
satisfactorily explaining so many and such varied classes of phe- 
nomena. It will be well to summarize this evidence briefly. The 
work of erosion, transportation, and deposition accomplished by 
existing glaciers was described in Chapters VI and VIII, but many 
of the illustrations and descriptions of those chapters were drawn 
from the areas of Pleistocene glaciation, partly for the convenience 
of dealing with things near home, and partly in order to bring 
the past and present into immediate juxtaposition. The char- 
acterivStics of glacial erosion, the rounded and flowing outlines, the 
smoothed and polished rocks, the parallel striae cut by the stones 
and boulders held in the bottom of the ice, are all to be found 
abundantly in the glaciated area wherever, the rocks are hard 
enough to receive and retain the marks and have been protected 
from the weather since the withdrawal of the ice; in many in- 
stances, even prolonged exposure to weathering has not sufficed 
to destroy the markings. The stria^, wffiich are parallel in small 
areas, when examined on a large scale, are found to be arranged 
in definite systems, which show the outward movement of the ice 
from the centres of dispersion. The roches moutonnies and 
hummocks of rock, gently sloping and smoothed on the side against 
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which the ice impinged (stoss side) abrupt and often rough on the 
sheltered side (lee side) characterize the areas of Pleistocene 
glaciation, just as they do the rocky beds recently abandoned by 
retreating glaciers. In short, all the characteristic features of 
glacial erosion, which can be reproduced by no other known agency, 
occur where, by the theory, they should be found. When the 
contact of the drift with the smoothed and striated ice-floor can 
be observ^ed (see Fig. 69, p. 160), the change is sudden and abrupt, 
the drift resting upon the hard, clean, unaltered rock, not at all 
like the gradual transition of soil, subsoil, and rotten rock (cf. Fig. 
34, p. 106) which occurs when the soil arises from the decompo- 
sition of rock in place. There are some exceptions to this rule, 
where the erosive action of the ice was feeble and insufficient to 
remove all the old soil and rotten rock, but such exceptions offer 
no difficulty of explanation. 

The drift itself is as convincing in its testimony of glacial de- 
position as the ice-floors are in their evidence of glacial erosion. 
The unstratified drift, made by the ice alone, in the form of 
moraines, chiefly terminal, but also lateral around projecting 
lobes of the ice, are highly characteristic of glaciers, as are the 
huge erratic and perched blocks, which often have travelled 
hundreds of miles. The ground moraine, or till, made up of 
finely ground rock-flour, in which are embedded boulders large 
and small, many of them faceted, smoothed, and striated, as only 
ice-worn boulders can be, and spread out In sheets of very variable 
thickness, its large boulders often deposited high above the points 
whence they were taken, testifies eloquently that it was accumulated 
by moving ice, which alone can deposit the finest and the coarsest 
materials together and can move to a large extent independently 
of the topographical features. The materials of the till are mostly 
of local origin and have travelled but a few miles, but there is 
almost always a greater or less admixture of stones from a long 
distance, and generally the.se are smaller in proportion to the 
distance travelled, because of the wear to which they have been 
subjected. 
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The stratified drift is no less indicative of glacial action. Whether 
advancing or retreating, the ice margin was melting, and the drift 
left by retreating ice-sheets was more or less worked over by wdter. 
Subglacial streams discharging in valleys made valley trains (see 
p. 234), and water descending in broad, shallow sheets, where 
the ice ended on a plain, made overwash plains, both con- 
nected with morainic deposits at their head. Eskers are gravel- 
filled subglacial tunnels, but drumlins and kames offer much 
difficulty of interpretation and have not yet been explained in a 
way that command.s geneial assent. .Fhe ice barriers frequently 
formed lakes large and small, and in these lakes water-made and 
ice-made deposits were intimately associated. The glacial theory 

distinctly affirms that rivers, lakes, the sea, icebergs, and pan-ice 
must have cooperated with glacier ice in the production of the 
drift, each in its appropriate way and measure.” (Chamberlin 
and Salisbury.) 

Finally, the evidence of the fossils, marine and terrestrial, 
animal and plant, strongly supports the glacial theory, by demon- 
strating a general refrigeration of the climate, when Arctic mol- 
luscs lived on the coasts of New England and northern Europe, 
and Arctic vegetation covered the lands in low latitudes, and Arctic 
mammals, like the reindeer and the musk-ox, descended to the 
south of France and to Arkansas. The testimony is thus all har- 
monious as to the great expansion of the Pleistocene glaciers and 
ice-sheets. 

No one would pretend that there are no difficulties, still unex- 
plained, in the way of accepting the theory. Some of these have 
been alluded to above; another is the enormous thickness of 
the ice-sheets required by the evidence, several thousand feet, for 
the glacial marks sweep over the tops of the highest mountains in - 
New England and New York. On the other hand, it is held by 
physicists that 1600 feet is the maximum possible thickness of ice, 
as a greater amount would cause the bottom to melt from pressure, 
and in confirmation of this it is pointed out that the Antarctic ice- 
cap does not exceed the theoretical maximum, and that at the 
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present day no ice more than 1600 feet (thick) has been recorded.” 
(Ferrar.) This conflict of evidence it must be left to future in- 
vestigations to reconcile, but the probable solution is to be found 
in the Jemperature relations of the ice. The theoretical maximum 
depends upon the assumption that the bottom of the ice is at or 
near 32"^ F., but if it were considerably below this, the thickness 
might be greatly increased. 

Distribution of Pleistocene 01acie3?s. — The ice-sheets were local- 
ized, not universal, though it is probable that the entire^worid felt 
the effects of the lowered temperature. At the time of maximum 
extension of the ice, it covered nearly 4,000,000 square miles in 
North America, especially toward the northeast of the continent; 
in Europe the ice-cap which covered the north, Great Britain, 
Scandinavia, North Germany, etc., is computed at 770,000 square 
miles (A. Geikie), and the Alps were deeply buried in ice, which 
flowed far out over the surrounding lowlands. Glaciation in Asia 
was principally confined to the mountain ranges, as in Asia Minor; 
on the south side of the Himalayas the ice descended to within 
3000 feet of: the present sea-level. On Mt Kenya, which is 
almost on the equator in eastern Africa and still has glaciers, the 
presumably Pleistocene ice covered the whole mountain like a cap, 
descending 5400 feet below the present glacier limit. In New 
Zealand the ice also descended below the present sea-levei and 
vsome of the old moraines stand in the sea. The Australian Alps 
and the western highlands of Tasmania bore extensive glaciers, 
which, however, ended 1000 to 2000 feet above the sea. The 
glaciers of the Patagonian Andes extended to the foot of the 
mountains and out upon the plains, which were then probably 
submerged. Thus, the northern hemisphere, above all, North 
America, was the region of the most extensive Pleistocene glacia- 
tion, but in the southern hemisphere, and even in the tropics, its 
effects are visi))le.. 

Glacial and Interglacial Stages. — It is still a debated question, 
whether there was a single Glacial age, or epoch, during which the 
^ ice-sheet, though having many episodes of advance, never entirely 
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Fig. 311.-— North America in the time of maximum glaciation. The letters indi- 
cate the centres of dispersal’ of the ice. C — Cordilleran Glacier; K «= Kewa- 
tin Glacier; L— Laurentide Glacier; N.F. ~ Newfoundland Glacier ' 





774 QUATERNARY PERIOD 

disappeared, or whether there were several distinct Glacial ages, 
when the snow accumulated to form an ice-cap which spread out 
widely from its centres of dispersal, separated by Interglacial ages, 
when the ice-cap completely melted away. Among students of 
these problems the present tendency is to accept the multiple 
character of the Glacial and Interglacial stages, one of the strongest 
arguments for which is the evidence of fossils showing the return 
of mild and even warm conditions in some of the Interglacial ages. 
At the same time, there is much difference of opinion regarding 
the number of these disappearances and reappearances of the ice. 

Obviously, the problem is one of much difficulty, because each 
advance of the ice would tend to remove the older drift, or to bury 
it out of sight under new accumulations, when erosion was in- 
sufficient to remove it. Only on the margins of the successive 
ice-sheets, where they but partially coincided, should we expect to 
ffnd the evidence preserved. A series of such advances and re- 
treats of the ice must have produced an exceedingly complex suc- 
cession of stratified and unstratiffed drift, and it is not surprising 
that the interpretations of such obscure phenomena should differ. 
If the superposed sheets of drift, one over the other (an arrange- 
ment which is not questioned), were separated by long, truly 
interglacial times, then each drift-sheet in turn must have been 
exposed to the denuding agencies for corresponding lengths of 
time and should exhibit the various stages of chemical and me- 
chanical disintegration proportioned to the length of exposure. 
Between the earlier and later drifts there should be manifest differ- 
ences in this respect. Further, to complete the evidence, inter- 
glacial deposits, with testimony of climatic amelioration from the 
fossils, should be observed. 

The following comparative table gives the views on this subject 
of Professors Chamberlin and Salisbury (I) for the Mississippi 
valley, of Professor James Geikie (11) for Europe, and of the 
Prussian Geological Survey (III) for North Germany. 
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I 

6. Later Wiscomin (glacial) 
e. 5tli Interglacial stage 

5, Earlier Wisconsin (glacial) 
d, Peorian (interglacial) 

4, Iowan (glacial) 

c. Sangamon (intergla- 
cial) 

3. lUinoian (glacial) 

b, Yarmouth, or Bucha- 
nan (interglacial) 

2, Kansan (glacial) 

a. Aftonian (interglacial) 

I. Sub~Aftonianf or Jerseyan 
(glacial) 

In the Alps, Professor Penck has determined three Glacial 
stages, and Huntington has found evidence of five in the moun- 
tains of Turkestan. 

The table must not be understood as attempting to correlate the 
events in Europe and America, as that would be premature. At 
any rate, the events in the two continents did not correspond in 
the way which the table seems to imply. For example, in the 
last of Geikie^s Glacial stages, the Upper and Lower Turbarian, 
the glaciers are described as being restricted to the high lands and 
mountains, not forming a general ice-sheet. The Mecklenburgian 
and Polandian more nearly correspond to the Wisconsin. 

American. — At the time of greatest expansion the ice-sheets 
covered nearly all of North America down to lat. 40®' N., an- 
ticipating the conditions of modern Greenland, though on a vastly 
larger scale. Three distinct centres or areas of maximum accumu- 
lation of the ice have been identified in northern Canada, from 
which the great ice-sheets flowed outward in all directions, though 
each one of the sheets had its own episodes of advance and retreat, 
so that the same region of country was overflowed, now by exten- 


II 

6. Upper Turharian 
e. Upper Forestian 
(interglacial) 

5. Lower Turbarian (glacial) 
d. Lower Forestiaii 
(interglacial) 

4. Mecklenburgian (glacial) 
c. Neudeckian (inter- 
glacial) 

3, Polandian (glacial) 
tieivetian (intergla- 
cial) 

2. (glacial) 

a. Norfolkian (inter- 
glacial) 

1. Scanian (glacial) 


III 


3. Last Glacial 
age 

h. Later Inter- 
glacial 

2. Main Glactal 
age 

a. Earlier In- 
terglacial 
I. First Glacial 
age 
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sions from one sheet, and again by those from another. One oi 
these centres of accumulation and distribution lay to the north of 
the St. Lawrence River, and on the highlands of Labrador, send- 
ing its ice-man tie southward over the Maritime Provinces, New 
England, and the Middle States, as far west as the Mississippi, 
River. This is called Laureniidey or Labradorean Ice-sheet or 
Glacier. A second centre was near the west coast of Hiidson^s Bay, 
and from this area the ice streamed outward in all directions west- 
ward toward the Rocky Mountains, northward to the Arctic Ocean, 
eastward into Hudson’s Bay, southv'ard through Manitoba into the 
Dakotas, Minnesota, and Iowa. This great ice-sheet has been 
named the from the Canadian district of that 

name. A third centre was formed by the Cordillera of British 
Columbia, which for a distance of 1200 miles was buried under 
a great ice-mantle that flowed both to the iiorth^vestward and 
southeastward. To these large and well-defined centres should 
probably be added a fomdb, Newfoundland, frorn wdiich, there is 
reason to think, came the ice which crossed Gape Cod and extended 
over Nantucket Sound to the island. 

In addition to the great northern ice-cap, large local glaciers 
accumulated in ail the western mountains ranges: the Rocky 
Mountains, as far south as New Mexico, the Uinta, Wasatch, and 
Bighorn ranges, and the Sierras and the Cascades, even the San 
Francisco Mountains of northern Arkona, and the other ranges of 
the western Cordillera, all bore thousands of glaciers. In these 
mountains almost every valley shows the evidences of former 
glaciation, in cirques at the head, in the smoothed and striated 
walls and bed, and in the moraines at the foot. The mountains 
of Alaska were heavily glaciated, but not the lowlands. 

; In the Misvsissippiw'-alley the Pleistocene sequence is best dis- 
played. The first known advance of the ice (sub-Aftonian) is 
registered in much disintegi’ated drift, which is exposed by denu- 
dation in Iowa. A similar sheet of very old and much worn 
drift which extends from beneath much later drift in New Jersey 
and Pennsylvania may be of the same date. 


717 


GLACIAL AND INTERGLACIAL STAGES 

A great retreat of the ice, if not its entire disappearance, brought 
about interglacial conditions at least in the Mississippi valley 
{Aftommt stage). The surface exposed by the retiring ice was 
occupied by vegetation, which in many places in Iowa formed 
accumulations of peat, sometimes to the depth of 25 feet. The 
Kansan stage represents the greatest extension south west ward of 
the ice-sheet, when the glacier descended from the north (})erhaps 
the Keewatiii glacier) nearly to the mouth of the Ohio River, and 
spread across Iowa and Missouri far into Kansas and Nebraska, 
East of the Mississippi the Kansan drift has not been recognized. 
Again came a time of retreat, when soil was formed, and the 
Kansan drift was eroded and deeply decomposed, and peat de- 
posited upon it ( Yarnumth, or Buchanan stage). A rcnew’cd ex- 
tension of the ice laid dowm the till-sheet, wdiich is found 

not only in that State, but in Iow\a also, overlapping the Kansan 
drift, and it extends to Wisconsin, eastw^ard into Ohio and 
Indiana, and passes under later till-sheets to the northeast. 
This liliiioian drift appears to be derived from the Laurentide 
glacier. 

The Sangamon interglacial deposits are of peat, old soil, etc. 
A fourth recrudescence of the glacier {Iowan stage) occasioned 
the deposit of another till-sheet, of an extent not yet determined, 
which is best displayed in northeastern Iowa, where it is intimately 
associated wdth the largest accumulations of loess in the Mississippi 
valley. The lowuin till-sheet is followed {Peorian stage) by 
interglacial deposits which arc perhaps contemporaneous with 
those so well showm near Toronto on Lake Ontario. The latter 
beds form a succession of fine shales and sand that lie bclw*een 
two sheets of glacial drift and are divisible into two parts; the 
lower {Don formation) contains many fossils of which the plants, 
such as the Pawpaw and the Mock-orange, indicate a climate 
distinctly warmer than that of the region at present and about 
like that of the middle United States. The fossils of the upper 
part {Scarboro formation) indicate a cold temperate climate and 
herald the approach of a renew^ed glaciation, which , in turn is 
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recorded in the overlying till. Such facts are difficult to expiaiiiy 
except as the result of truly interglacial conditions. The Wisam- 
sift stages are much the most conspicuous and best known of all, 
and the sheets of till and drift are far thicker than those of the other 
Glacial stages. Especially conspicuous is the great terminal 
moraine, or rather morainic belt, which itself records many episodes 
in the history of the ice and which has been traced across the 
continent. Beginning at Nantucket, the moraine runs through 
Long Island and Staten Island to New Jersey, which it crosses into 
Pennsylvania; here it bends sharply to the northwest to the 
boundary of New York, but turns southwest almost at a right 
angle, reaching nearly to the Ohio River at Cincinnati. It crosses 
in an irregular, sinuous line the states of Indiana, Illinois, Iowa, 
and thence northwestward through the Dakotas into Montana, 
where it nearly follows the international boundary to the Pacific 
coast mountains (see Fig. 31 1). 

In the Eastern States there is no such clear indication of several 
successive ice-invasions as in the Mississippi valley, the Wisconsin 
erosion and its thick mantle of drift removing or obscuring the 
records of earlier events. The remnants of very ancient till-sheets 
in New Jersey and Pennsylvania have been mentioned, and in New 
York and New England not more than two or three invasions can 
be identified. In part, this may be due to the later development 
of the Laurentide glacier. The geologists of the Canadian Survey 
believe that, beginning at the west and going eastward, these 
three great glaciers [le. the Cordilleran, Keewatin,and Laurentide] 
reached their widest extent and retired in succession.’’ (Tyrrell.) 

The final retreat of the ice was by slow stages with many halts. 
In the central West are preserved many lines of moraine, with 
kettle-holes, kames, and drumlins, which mark readvances and 
pauses in the retreat. 

Probably every retreat of the ice was accompanied by the 
formation of barrier lakes held in by the ice-front, but only those 
of the final recession have left intelligible records of themselves. 
A comparatively simple case is that of Lake Agassiz, which 
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covered Manitoba and Minnesota with a great sheet of water, 700 
miles from north to south. The lake was formed when the 
Keewatin glacier in its retreat had freed nearly all of Manitoba 
from the ice and was joined by the Laurentide glacier from the 
east, making a great wall of ice which shut off the drainage toward 
Hudson’s Bay, while to the south high land held back the lake in 
that direction. The water of the lake rose until it overflowed the 
lowest point in the southern barrier and formed a river {Warren 
now abandoned) which joined the Mississippi. The level 
of the lake was gradually lowered as Warren River deepened its 
bed, and was finally discharged when the retreat of the ice opened 
the course to Hudson’s Ba,y. 

The history of the great Laurentiaii lakes is extremely complex 
and is slowly being deciphered by the combined efforts of many 
workers. The changing positions of the lobes which projected 
from the ice-front, the numerous basins, now connected and now 
severed, as the water rose and fell, combined with slow diastrophic 
movements, make up a very intricate succession of temporary 
lakes and shifting outlets. Considerations of space forbid more 
than a brief and simplified outline of this interesting story. When 
the ice had retreated so far as to uncover land to the north of the 
divide between the basins of the St. Lawrence and the Mississippi 
and eastward the Hudson, the waters produced by the melting of 
the ice w^^ere held in between those divides and the ice-front, form- 
ing a great number of small lakes from New York , to Minnesota, 
three of which require mention as the earliest recorded stages of 
the Great Lakes at a time when most of their present basins was 
filled by the ice. Of the.se three lakes which embraced three promi- 
nent lobes of the ice-front, one was in the axis of Lake Superior, 
one at the southern end of Lake Michigan, and the third in a line 
with Lake Erie, but west of it, and each discharged by a separate 
outlet to the Mississippi. 

Omitting several intermediate stages, and coming to a time when 
the basins of Lake Michigan and Lake Erie and part of that of 
Lake Ontario had been freed by the retreat of the ice, we find iMke 
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Whittlesey^ which filled the basin of Lake Erie, but w^as very much 
larger; it was connected along the ice-front to the north with the 
crescentic Luke Saginaw, that discharged westward into Lake 
Chicago, a larger Lake Michigan, which retained its original outlet 
to the Mississippi. Lake Whittlesey was succeeded by Lake 
Warren, which was formed by a junction with Lake Saginaw^ on 
the northwest, and by an extension along the ice-front, eastward 
into New York and northeastward into Ontario, but still discharg- 
ing westward to Lake Chicago and the Mississippi. Later, how- 
ever, Lake Warren extended into central New*' York and emptied 
by way of the Mohawk into the Hudson. The condition of the 
Erie basin now becomes’ obscure, for wdien, after several changes, 
Lake was established, it w^as merely an enlarged Lake 

Ontario, and the three upper lakes, now clear of ice, had coalesced 
into the great, irregular Lake Algonquin, which had lost connec- 
tion with the Mississippi and discharged into Lake Iroquois, at 
first probably by the line of the St. Clair and the Erie basin and 
later probably along the course of the present Trent across the 
province of Ontariov As the Mohawk outlet persisted, the entire 
discharge of the lakes was into the Hudson, but whether the Erie 
basin was filled with water as it certainly was somewhat later, has 
not been clearly made out. Lake Algonquin was eventually cut 
oil from its connection with Lake Iroquois and found an outlet by 
way of Lake ’Nipissing and the Ottawa River, thus severing the 
series of lakes into two independent systems, while the lowering 
of the water level in Lake Algonquin had divided it into three 
lakes which had very nearly the present outlines of Superior, 
Michigan, and Huron. The final stage in the history is connected 
with the Champlain subsidence and reelevation presently to be 
described. 

The Champlain Subsidence. — In the Glacial epoch a subsi- 
dence had begun which continued until it became a very marked 
feature of the times. The depression was greatest toward the 
north and especially in the valley of the St. Lawrence; at the mouth 
of the Hudson, for example, the land stood about 70 feet below 
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its present level, on the coast of Maine 150 to 300 feet, and in the 
St. Lawrence valley 500 to 600 feet below. The consequence of 
the depre.ssion was that an arm of the sea extended up the St' 
Lawrence to Lake Ontario, which was little, if at all, above sea- 
level. Two long and narrow gulfs reached out from this ,sea one 
up the valley of the Ottawa River and the other over Lake Cham- 
plain, while the Hudson River appears to have been converted 
into a narrow strait connecting the marine waters of the Champlain 
basin with those of the Atlantic where New York Bay now is 
The lines of raised beaches, the sands and gravels filled with marine 
shells, and the bone.s of whales and walruses, are the present evi- 
dences of this submergence* 
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The Champlain subsidence and the reelevation which expelled the 
sea from the Hudson and Ottawa rivers and from the basins of 
Lakes Ontario and Champlain also affected the Great Lakes. Lake 
Iroquois had found a lower outlet than the Mohawk, when the ice 
withdrew from the Adirondacks, into Lake Champlain, which then 
discharged into the Hudson, because of the ice barrier to the north. 
Subsequently this outlet of Lake Iroquois was into the Champlain 
sea, when the subsidence had drowned the St. Lawrence valley. 
Just when the Niagara began to flow is not certain, nor when the 
basin of Lake Erie was refilled, if it were ever emptied, but so long 
as the upper lakes had their outlet through the Ottawa, the Niagara 
tarried only the discharge of Lake Erie. The elevation which 


followed the Champlain subsidence was accompanied by a .slight 
tilt of the lake region to the southwest, cutting off the Ottawa out- 
let and causing the three upper lakes to discharge into Lake Erie. 
The consequent change in the volume of the Niagara is registered 
in the sudden increase in the width of its gorge. 


The Non-glaciated Areas 

In the non-glaciated parts of the continent occur stratified 
Pleistocene deposits, which it is very difficult to associate with the 
events taking place in the glaciated area, for lack of any means 
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of direct comparison. On the Atlantic slope from New Jersey 
southward a succession of Pleistocene gra,vels and sands constitutes 
the Columbian formation, so called because of its typical develop- 
ment in the District of Columbia. These deposits are differently 
interpreted by those who have examined them, but they appear to 
be largely fiuviatile and subaerial much like the Pliocene Lafayette. 
Three parts of the Columbia formation ha^^ been recognized 
which by some authorities are regarded as three successive de- 
pressions and emergences from the sea, but the difficulties in this 
interpretation are such that a non-marine origin is more probable. 
On the other hand, marine fossils in the uppermost of the three 
divisions in the Chesapeake Bay region indicate some depression 
in that area. All the divisions contain large boulders transported 
by floating ice. 

Over the Great Plains from South Dakota to Texas the surface 
formation is a fine, calcareous, sandy clay, which lies unconform- 
ably upon the eroded surfaces of older strata, from the Blanco to 
the Cretaceous. This formation has been called the Sheridan stage 
(^^Equus Beds-), from Sheridan County, Nebraska, where it is typi- 
cally displayed. It is, to a large extent, of teolian origin and in 
places contains great numbers of fossil bones. In South Dakota the 
Sheridan passes under a drift sheet, and probably it corresponds to 
one of the earlier interglacial stages. 

In the Great Basin, the later Pleistocene had, temporarily at 
least, a much less arid climate than at present, as is indicated by 
the many lakes which it contained, and two of these, Lakes Bonne- 
ville andLahontaii, were very large (see p. 219). The former, which 
was in the eastern part of the Great Basin, had an outlet north- 
ward to the Snake River, and had two periods of expansion, 
separated by one of almost complete desiccation. Lake Lahontan, 
which had no outlet, had similar episodes of rise and fall. 

On the Pacific coast, marine Pleistocene in two unconformable 
stages occurs in southern California; the fauna of the lower stage 
has still a somewhat northern character, but in the upper stage 
the water became warmer than it is now, and tropical species 
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which no longer live on the California coast were present. Pleis- 
tocene movements affected the Pacific coast to the amount of 
3000 feet in the Inyo Mountains of California, 200 feet or more 
on the coast of Oregon, and 4000 feet in southeastern Alaska, and 
increased the height of the Sierra, Wasatch, and Basin ranges and 
of the high plateaus of Utah and Arizona. 

The volcanic activity which had been so very striking during 
the Tertiary period in the western region continued into the Pleis- 
tocene, as is to be seen in the lava flows of the Great Basin, Arizona, 
New Mexico, Idaho, all the Pacific wStates, and Alaska. 

The late Pleistocene was a time of ameliorated climate and 
heavy rainfall, when the flooded rivers moved sluggishly, owing 
to the diminished slope, and spread sheets of sands, gravels, and 
clays over their flood plains and in their estuaries, through which 
they have subsequently cut terraces, when elevation had given 
them renewed power. 

The events of the Glacial epoch, and the diastrophic movements 
which accompanied and followed it, have had the most impor- 
tant and widespread effects upon the topography of the glaciated 
regions. The sheets of drift, stratified and unstratified, have com- 
pletely changed the surface of the country, and by filling up the 
pre-Glacial valleys, have revolutionized the drainage, only the 
largest streams being able to regain their old courses. Innumer- 
able lakes, large and small, were formed in depressions, rock basins, 
and behind morainic dams, the contrast between the glaciated and 
non-glaciated regions in regard to the number of lakes in each 
being very striking. 

The Pleistocene was closed and the Recent epoch inaugurated 
by a movement of upheaval which raised the continent to its 
present height. These Pleistocene movements have been corre- 
lated with the accumulation and removal of the ice, and it is at 
least a curious coincidence that the continent should have slowl}? 
sunk under the maximum load of ice and have risen again after 
the ice had melted. These movements were greatest where the 
ice was thickest* 
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Foreign Pleistocene 

The Glacial epoch in Europe ran a course remarkably parallel 
with its history in North America. After the first Glacial and 
Interglacial stages (perhaps representing the sub-Aftonian and 
Aftonian), came the time of the greatest expansion of the ice, the 
Saxonian stage of Geikie, which is believed to correspond to the 
Kansan of America. The great centre of dispersion was the Scan- 
dinavian peninsula, where the ice was probably 6000 to 7000 feet 
thick, and whence it flowed outward, filling the Baltic and North 
seas, and covering Finland, northwestern Kiissia, the lowlands of 
Germany, and extending to England. The Highlands of Scotland 
were a secondary centre, its ice-sheets flowing into the North Sea 
and uniting with those from Scandinavia, and westward to the 
ocean. The Irish Channel was also filled up. From the south- 
west of Ireland to the North Cape of Norway, a distance of 2000 
miles, was probably a continuous wall of ice fronting the sea, like 
that which now surrounds the Antarctic continent. At the same time 
the Alps were the seat of enormous glaciers, only the highest peaks 
rising above the sheets of ice, and these great glaciers extended 
far out from the foot of the mountains, covering all the lowdands 
of Switzerland and extending from Austria and Bavaria, on the 
east, to the Rhone valley near Lyons, on the west. The high 
plateau of Asia, from the Plimalaya to Bering’s Sea, shows evi- 
dences of glaciation, and great valley glaciers were formed on the 
southern slopes of the Himalayas, extending in some places to 
within 2000 feet of the sea-level. 

A second great Glacial stage (the fourth Glacial or Mecklen- 
hurgian of Geikie) is generally recognized in Europe and corre- 
lated with the -Wisconsin stage of America. This ice-sheet was 
much less extensive than the former one, being confined prin- 
cipally to Finland, Scandinavia, the Baltic Sea, which it filled, 
Denmark, and a little of north Germany. The prevailing motion 
of this sheet was from east to w^est. The Alpine glaciers were also 
extended far beyond their present limits, but not so widely as 
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Following the Mecklenburgian stage came alternating periods 
J milder and colder climates, the fourth and fifth Interglacial, 
and fifth and sixth Glacial stages of Geikie, the Glacial stages 
marked, not by the formation of great continental ice-sheets, but 
by the extension or recrudescence of local snow4elds and valley 
glaciers. Oscillations of level also occurred along the coasts, 
allowing limited transgressions of the sea. 

The Pleistocene of the other continents has been considered 
in the general introductory statements. 

Causes of the Glacial Climates. — This is but a special case of 
the general problem of climatic changes in the history of the earth. 
We now know that the Pleistocene glaciation is not what it was 
once supposed to be, a unique phenomenon in geological history. 
On the contrary, in at least three other periods, Algonkian, Cam* 
brian, and Permian, we have found evidence of glaciation rivalling 
or equalling that of the Pleistocene. At other times mild and 
equable climates have extended far into the Arctic regions, 

In attempting to explain these remarkable changes, three kinds 
of agencies have been called upon; (i) Astronomical, or change 
in the position of the earth’s axis, in the eccentricity of its orbit, 
in the heat radiated from the sun, etc., but these are now very 
generally discarded. (2) Geographical, or changes in the arrange- 
ment of land and sea, in the height of the land, direction of ocean 
currents, etc., but none of these seems to afford any real help in 
solving the problem. (3) The most promising and widely favoured 
agency of climatic changes is now' sought in variations in the com- 
position of the atmosphere, especially in the quantity of carbon 
dioxide present. Whatever may eventually come of this, it has 
not yet advanced beyond the stage of an interesting speculation. 
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The frequent and extreme cUraatic changes, of which we find 
such abundant evidence in the Pleistocene, .caused, extensive 
migrations and dispersions of animals and plants, and the rapid 
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succession of Arctic and temperate forms in the same region. 
Many land bridges between different continents, or between con- 
tinents and what are now islands, were not severed until the end 
of the Pleistocene, permitting migrations which are no longer 
possible. The extension of the ice-sheets brought with them 
Arctic floras and faunas, which retreated in the Interglacial times, 
while temperate animals and plants spread northward to replace 
them. These conditions produced a vky severe struggle for exist- 
ence and were fatal to a great many large mammals, causing 
numerous extinctions over the larger part of the world. 

Pleistocene Plants are almost all of the same species as those 
now living, but they are often very differently distributed. The 
Glacial cold greatly impoverished the European forests, which in 
the Pliocene had many kinds of trees now found only in North 
America or in eastern Asia. Owing to the east and west trend of 
the European mountains, the forests could not retire before the 
ice, and return, as they did in the United States, where no moun- 
tain barriers shut them off from the warm latitudes of the south. 
When the ice-sheets melted and the climate was ameliorated, the 
Arctic flora and fauna were forced to retreat in their turn; they 
did so not only by following the retiring ice- front, but also by 
ascending the mountains as the latter were cleared of ice. Thus, 
high mountains in the northern hemisphere have on their upper 
slopes an Arctic flora and fauna, separated, perhaps, by hundreds 
of miles from the nearest similar colony. For example, the higher 
parts of the White Mountains have plants which do not occur 
on the lowlands until Labrador is reached, and the snowy Alps 
have truly Arctic plants and animals. In Europe the disappear- 
ance of the ice-sheets was followed by a dry climate, \vhen a fauna 
like that of the Russian Steppes extended to w^estern Europe, 

Of Pleistocene animals it is only the mammals that require 
mention. Here also we find the same mingling of northern and 
southern forms, and association of types now widely separated. 
North America had Mastodons {ix, an extinct type of elephant 
which had smaller and simpler grinding teeth than the true ele- 


PLEISTOCENE LIFE 


phants), Elephants, Horses, Tapirs, the first Bisons (which had 
migrated from the Old World, as had several kinds of Deer and 
the Musk-ox), Peccaries and huge Llamas, Wolves, great Cats 
as large as lions. Sabre-tooth Tigers, and the first Bears, also 
immigrants. A great variety of Rodents is found, most of them 
kinds which still inhabit the country, but mingled with these are 
South American forms like the Cavies and Water Hog {Hydro- 
clients), and the giant Beaver {Castoroidcs) is an altogether 
peculiar form. Enormous Ground Sloths {Megatherium, Uylodon, 
and MegaJonyx) and Glyptodonts show that the way of migra- 
tion from the south was still open. 

In South America w^ere an astonishing number of huge Eden- 
tates: Sloths nearly as large as elepliants. Ant-eaters, and a mar- 
vellous variety of giant Armadillos. Some of the immigrants 
from the north, which are now extinct, still lingered in the Pleis- 
tocene, such as the Mastodons and Horses, as did also some of 
the peculiarly South American hoofed animals, Typotheria, 
Toxodontia, and Litopterna, the ancestors of which may be traced 
back almost continuously to the Notostylops beds of the Paleocene. 

Europe wms the meeting-ground of mammalian types now 
widely scattered. Together with Arctic forms like the Reindeer, 
Musk-ox, Mammoth (Hairy Elephant), Hairy Rhinoceros, and 
the Lemming {Myodes) were found southern animals, such as 
the Hippopotamus, several kinds of Elephants and Rhinoceroses, 
Lions, and Hyienas, and likewise species allied to those still liv- 
ing in Europe, such as the huge Cave Bear, the gigantic Irish Deer 
{Megaceros), and great O.xen. Northern Africa was joined to 
Europe by way of Malta and Sicily, and probably at Gibraltar 
also, permitting frequent intermigrations. The junction of Ire- 
land with Great Britain and of both with the continent continued 
until after the ice-sheets had disappeared, so that these islands, 
and especially Great Britain, were stocked by the continental 
animals and plants. 

In the Pleistocene of India are found many animals wHch now 
live only in Africa, such as the Baboon, Spotted Hyasna^ . 
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Australia had a Pleistocene mammalian fauna composed, with 
the exception of the Wild Dog (Cams dingo) j of Marsupials, allied 
to those which still inhabit that region, but many of them were of 
vastly greater size than the living forms. 

The Pleistocene Mammals are remarkable for the great size 
which distinguishes many of them, and it is just these which have 
passed away, leaving a world that is “ zoologically impoverished,’’ 
but is nevertheless a much more agreeable place of residence with- 
out them. Further we note, (i) that the Pleistocene mammals 
are in general like the smaller forms which have succeeded them 
in the same regions, but (2) that in Europe and North America 
there w’as a commingling of types now found only in widely sepa- 
rated regions. 

• In Europe Man first appears in the early Pleistocene. It is 
altogether probable that the human race originated in Asia, quite 
aside from the doubtful testimony of the Pliocene Pithecanthropus^ 
and reached Europe by migration. The most ancient European 
men, such as the “Man of Spy ” in Belgium, are of a much lower 
type physically than those of the later Pleistocene; only in the 
Recent age do human remains and implements become at all 
common and so the Recent or Postglacial time is frequently called 
the Human Period, the description of which is rather in the prov- 
ince of prehistoric Archaeology than in that of Geology. Whether 
Man reached North America in the Pleistocene is still an open 
question, though there is no reason why he should not have accom- 
panied the Old World mammals in their frequent migrations, and 
there is some evidence that he did and that a race older than the 
American Indian occupied this continent.. This evidence, how- 
ever, is not altogether conclusive and has been subjected to a 
vigorous destructive criticism, so that many authorities are alto- 
gether sceptical On the other hand, the undoubted presence of 
human bones in the Pleistocene of South America, associated 
with a mammalian fauna which is almost entirely extinct, lends 
additional strength' to the position of those who contend that Man 
h%d reached North America before the ice finally disappeared, 
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APPENDIX 

For convenience of reference, the system of 
animals and plants which has been used in the book is here 
in tabular form, omitting those groups which possess no importance 
as fossils. Groups marked with an asterisk (*) are extinct. 


ANIMAL KINGDOM 

Sub-Kingdom I. PROTOZOA. 

Class i. Rhizopoda. 

Order i. Foramdnf era. 

2. Radiolaria. 

Sub-Kingdom II. CCELENTERATA. 

Sub-Branch A. Pgkiper A. 

Class I. Spongia, Sponges. 

Sub-Class 3. Siiicispongia, Siliceous Sponges. 

4. Calcispongia, Calcareous Sponges. 
Sub-Branch B. Gnid ASIA. 

Class I. Anthozoa. ^ 

Sub-Class I. ^Tetracoralla, Palaeozoic Corals. 

2. Hexacoralla, Modern Corals. 

3. Octocoralia, Modern Corals. 

Class 2. Hydrozoa. 

Sub-Class I. Hydromedusse. 

Order 2. HydrocoraUmcBy Kydroid Corsls, 

3. Or^^ 

4. '^Graptolitoidea, Graptolites. 
Sub-Class 2. Acaleph®, jellyfishes. 

Sub-Kingdom III, ECHINODERMATAv 
Sub-Branch A. PelMatozoa. 

Glass I. Crinoidea, Sea Lilies. 

OidQr I, ^Jnadumta. 

2, ^Camerata^ * 

3. Artkulata. 

Class 2. *Gystoidea. 

3. J^^Blastoidea. 

Sub-Branch B, Asterozoa. 

Class I. Ophiuroidea, Brittle Stars. 

2, Asteroidea, Starfishes. 

Sub-Branch C. Echinozoa. 

Class I. Echinoidea, Sea-urchins. 

Sub-Class I. *Palseechmoidea, 

2. Euechinoidea, 

Order i. Regulares^ Regular Sea-urchins. 
2. Irre^tdares, Spantangoids, Sand-i 
Class 2. Holothuroidea, Sea Cucumbers. 
Sub-Kingdom IV. VERMES, Worms. 
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Sub-Kingdom V. BRYOZOA, Sea Mosses, 

Sub-Kingdom VI. BRACHIOPODA, Lamp Shells. 

Order I. Imrticulata. 

2. Articulata. 

Sub-Kingdom VII, MOLLUSC A. 

Class I. Pelecypoda, Bivalves. 

2. Scaphoda, Tusk-shells. 

3. Amphineura. 

4. Gastropoda, Conchs, Whelks, Cowries, etc. 

5. Pteropoda. 

6. Cephalopoda. 

Sub-Class I. Tetrahranchiata. 

Ordei I. Pearly Nautilus. 

2. '^'Ammonoidea^ Ammonites. 

Sub-Class 2. Bibranchiata. , 

Order i. '^Belemnoidea^ Belemnites. 

2. Sepioideay Cuttlefishes, Squids. 

3. Octopuses. 

Sub-Kingdom VIII. ARTHROPODA. 

Class I. Crustacea. 

Sub-Class I. Herostomata. 

Order i. '^Eurypterida. 

2. Xiphosura, HoTS^-^hoe Crsihfi, 

3. ^Synxiphostira. 

Sub-Class 2. ^Trilobita. 

Sub-Class 3. Eucrustacea, Typical Crustacea. 
Super-Order i, Phyllopoda. 

3. Ostracoda. 

4. Barnacles. 

5. Malacostraca, 

Order i. Phyllocarida. 

2. Schizopoda. 

3. Sto 7 natopoda. 

4. Decapoda. 

Sub-Order a. M acruray Lobsters, etc. 
b, Brachyiira, Crabs. 

Class 2. Arachnida, Spiders and Scorpions. 

3. Myriapoda, Centipedes. 

4, Insecta, Insects. ^ ^ ^ 

Order i. Orthopteray Cockroaches, Grasshoppers, 

2. Neuropteray Caddis-flies, Ant-lions, etc. 

3. Hentipteray Cicadas, etc. 

4. Diptera, Flies. 

5. Lepidoptera, Butterflies and Moths. 

6. Coleophra, Beetles. 

7. Hymenopiera-y Bees, Wasps, Ants, etc. 
Sub-Kingdom IX. VERTEBRATA. 

Class 2. *Ostracodermata. 

3. Pisces, Fishes. 

Sub-Class I. Selacbii, Sharks, Rays, etc. 

2. Holocephali, Chimieras, or Spook-fishes. 

3. Dipnoi, Lung-fishes, 


etc. 



APPENDIX 


4. ^Arthrodira. 

5. Teleostomi. 

Ovclex 1, Crossoptcrygii, 

2. ActinopterL 

Sub-Order i. Choniraski w Camids, Sturgeon, Gar-pike, etc 
Class.,. Amphibia/- Herring, Salm^^ 

Order i. ^StegocephaU, 

3. IJrodela^ Mud-puppiea, Salamanders, 

4. Annm, Frogs and Toads. 

Class 4. Reptilia. 

Super-Order *Theriodontia. 

( Order i, ^Cotylosauria, 

I 2, '^ TheYocephaUa. 

1 3 - "^Cynodontia, 

[ 4. '^Anomodontia, 

Order 5. '^Placodoniia, 

6. Wlesmauria. 

7. TestudmatOy Tortoises and Turtles. 

Super-Order Diaptosauria. 

f Order 8. ^Frocolophonia, 

9, '^Proterosaiirid. 

10. ^Proganosaiiria. 

11. ^Gnathodontia, 

12. '^Pelycosauria, 

13. '^Choristodera. 

14. RhyncJwcephalia, New Zealand Lizard, 

Order 15. ^Parasuchia. 

16. ^Ichthyosauria: 

17. ^Thalattosauria. 

18. Crocodilia, 

Sub-Order a, Mesosuchiay Crocodiles, AlligAtom 
h. ^ThalaUosuckia, 

Super-Order ^^DiNOSAirRiA. 

[ Order 19. ^Theropoda, 

20. ^Opistkocoslia, 

21 ^A^Orihopoda, 

Super-Order Squamata. 

{ Order 22, Lacertiliay Lizards. 

23. ^Mosasauria. 

24. Snakes. 

Order 25. '^Pterosauria, 

Class 5. Aves, Birds. 

Order i. ^Saunirm (Archaeopteryx). 

2. RafiliB, Wingless Birds," Ostriches, etc 
3. Flying Birds. 

Class 6. Mammalia. 

Sub-Class I. Prototheria. 

Order x, Monotrematay Spiny Ant-eater, 

2. ^Muliituberculata* 

Sub-Class 2, Eittheria. 

Super-Order i. Marsupialia, Opossum, Kangaroo, etc. 
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2. Placentalia, Placentals. 

Order i. Sloths, Armadillos, etc. 

2. CciJacm, Whales, etc. 

3. .S'/rma, Sea-cows and Diigongs. 

4. htsecHvora, Moles, Hedgehogs, etc. 

5. Cheiroptera, Bats. 

6. ^Creodonta, Primitive Flesh-eaters. 

7. Carnivora, Dogs, Cats, Bears, Seals, etc. 

8. ^ Tillodonta, 

9. ^ T mviodonla. 

10. Rodent ia, Rats, Porcupines, Squirrels, Hares, etc. 

11. ^Condylarihra. 

12. ^Amblypoda. 
x^.^Typotheria, 

14. ^Toxodontia. 

15. ^Homalodotheria» 
ib.^Astrapotheria., 

17. '^Litopierna. 

1$, Myracoidm, 

Elephants. 

20. Pigs, Camels, Deer, Antelopes, etc. 

21. Horses, Tapirs, Rhinoceroses. 

22. ^Ancylopoda, 

2^, Lemur oidea, 'LemxLTs, 

24. Pnmate^, Monkeys, Apes, Man. 

VEGETABLE KINGDOM 

Sub-Kingdom A. CRYPTOGAM-®, Flowerless Plants. 

I. TPIALLOPHYTA. 

Class I. Algae, Seaweeds, etc. 

2. Fungi, Mushrooms, etc. 

II. BRYOPHYTA, Mosses. 

HI. PTERIDOPHYTA. 

Class I. Filicaies, Ferns, 

2. Eqiiisetales, Horsetails. 

3. Lycopodiales, Club Mosses. 

4. *Sphenophyllales. 
t;. *Cycadofilices. 

Sub-Kingdom B. PHANEROGAM®, Flowering Plants. 

IV. GYMNOSPERM®. 

Order i. Cycadales. 

Sub-Order i. Cycadacem. 

2. ZamiecB. 

3. ^Bennettitece 
Order 2. ^Cordaitem. 

3. Gingkoacece, Maiden-hair Tree. 

4. Conifer ce, Pines, Spruces, etc. 

V. ANGIOSPERM®. 

Class I. Monocotyledones, Palms, Grasses, Lilies, etc* 

2. Bicotyledones, Oaks, Robies, Crucifers, etc. 
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Abysmal deposits, 245, J 369 
Abyssal rocks, 2S4 
Acadian epoch, 549; prov- 
ince, 613, 620; Range, 
504 

Acantkodes, 635 
Accidents to rivers, 491 
Accordance of mountain 
summits, 513; of river 
valleys, 140, 443 
Accumulations, organic, 
309, residual, 1S6 
Acervularia, *602 
Addasph, 573, *576,- 603 
Acid rocks, 292, 293, 294 
Actinocrinus^ 602, 631 
ActinoUte, 16 
Actinopteri, 608, 635 
Adirondack Mts, 534J 
faults in, 465 
Adjutant birds, 756 
/Egoceras, 689 
*‘EoHan rocks, 191, 316 , 

^Estocrmusj 031 

*Etna, so, 141, 7^>3 

AHosatO'ua^ 674 
Africa, 117, 187, 472; Ar- 
chaean, 538; Carbonif- 
erous, 623; continental 
formations, 567 ; Creta- 
ceous, 7^3’/ Devonian, 
599; Eocene, 734; ice- 
ages, 543; Jurassic, 683; 
Miocene, 754; Oii- 
gocene, 744; Ordovician, 
567; Permian, 643; Pleis- 
tocene, 772; Rift Valley, 
469; Silurian, 584; Tri- 
assic, 666; volcanoes, 
54 

Aftershocks, 44 
Aftonian stage, 775, 777 , 
7S4 


Agassiz, A, 260, 270, 271 
Agassiz, L, 769 
Age, geological, 530; topo- 
graphical, 439 
Agencies, diastrophic, 436 ; 
dynamical, 35, 281; 

igneous, 26, 38 ; sub- 
terranean, 26, 38 ; sur- 
face, a6, 97 : 

Agglomerate, volcanic, 81, 
2B6, 300 , 389, 459 
Aggradation of land, 436 
*557, 558 

Aktian deposits, '245, 266 
Alabaster, 20 
AlariUy 688 
Alashuk River, 141 
Alaska, earthquakes, 41, 
46; fjords, 496; glaciers, 
♦lS 4 , *157^ 

Albany stage, 640 
Albian series, 702 
Albite, 13, 2:4 
Aleutian Ids, 68; earth- 
quakes, 41; frost action, 

ITS 

Algah 192, 194, 309, 314, 
570; calcareous, 670 
Algonkian, 531, 540 
Alkali” lakes, *226 
Alkalies, 2941 297» sqS; 

precipitates of, 307 
Alkaline, carbonates, 192; 
earths, precipitates of, 
307; sulphides, 194; 
waters, 194 
Allegheny stage, 610 
AUodon, 698 
AUosaurus, *695, 696 
Allotriomorphic grains, 286 
Alluvial cones, 202, *203, 
205, *479; fans, 202, *203 
Alluvium, river, 279 
Almandine, 17 
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Aloes, 736 

Alpine ranges, denudation 
of, 510 

Alps, 506, sro, 514; com- 
pression, 506; elevation, 
726, 753 ; glaciers, 156, 
165; Pleistocene glacia- 
tion, 772, 775, 784 
Altai Mts, 538 
Alteration of' minerals, 48 , 
290, 406, 431 
AlticameluSj 757 
Alumina, 294, 407 
Aluminium, 6, 427 
Aluminous silicates, 104, 
186 

Amazon, 205, 269; delta, 
213; material carried by, 
147 

Amblypoda, 729, *740, 741 
Amb0nychia,*p4 
Ammonium carbonate, 266; 
chloride, 82 

Ammonoidea, 604 ,. 634, 

651, 656, 671, 689, 717, 

^ 723, 729. 7 /^ 

Amorphous substances, 8 
Amphibia, 548, 608, 636 , 

652, 656, 673, 692, 723 
Amphibole- trachyte, 297 
Amphiboles, 15, 16 , 290, 

297,409 

AmkikSf *672, 673 
Ampiomorphus^ 739 
Anchisaurus^ , ... 

Awc/wa, *715 • ; 

Ancyloceras, py ■ - 

Ancylopoda, 757 , 759 1 ^ ' ■ 
Andes, 203, 29S, 71:2; 4 ^ 
vation, 71a, 764,' ;','i 

Andesine, 13, 14. ^ 
Andesite, 293, ^ 98 , agPc 
393 ; -breccia, :3oi ; 
morphism of, 420 j rw 
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sklian, 293, 298 ; -por- 
phyry, 293; -tulT, 301 
Andrea;, A., 698 
Angiosperma;, 655, 687 
Anglo-Gallic Basin, 734 
Anhydrite, 20, 308 
Animals, destruction by, 
179 

Anisiaii stage, 65S 
Anmilarm^ 627 
Anoniodontia, 654, G’iO 
Anoplotheres, 74V 
Anorthic system, 7 
Anorthite, 13, 14 , 2 98 
Anorthoclase, 13, 14 
Anorthosite, 201? 

Antarctic continent, 735, 
754; ice-sheet, 155, 771 
Ant-eaters, 7S7 
Antelopes, 757, 758, 766 
Anthracite, 3x4, 315 , 409, 
418 , 6x9,620 
Anihracopalmnon^ 632 
Anthracothcnum^ 747 
Anticlines, 316, * 327 , *328, 
^'329, ’^ 334 , 333 » 357 . 
436^ 452, 456, 457. 47S, 

489, 508; denuded, 384, 
*458; experimental, *363, 
364, *365; faulted, 3495 
joints in, 374; modern, 
362,; overthrust, 357 
Anticlinorium, 33b 
Anticosti Id, 567 
Antinomiay *085, 68 7 
Antiquity of land surfaces, 
279 

Ants, work of, 179 
Apatite, ii, 20, 2S9, 296, 

-■..297.^ ■ . , ■ 

Apennines, elevation of, 

Aphelops, 758 
Apiocrinus, 686 
Aplite, 296 , *395 
Apophyses, 398 , -400 
Appalachia, *522, 561 
Appalachian, coal-held, 
620; cycles, 5x1 
Appalachian Mts, 490, 581; 
absence of intrusions 
403; Algonkian, 543; 
Cambrian, 549; denuda- 
tion, iSo‘, elevation, 5x1, 
512, 647; folds, 505; 

geosyncline, 330 ; Ordo- 
vician, 564, 565; Palajo- 
„ 2oic, ^45 ; ridges, 513; 
./Strike m, 326; thermal 
springs, 133; thickness 


of beds ill, 330, 505; 
thrusts, 355, 356, 35S 
Appalachian, Range, 504; 

River, 490; System, 504 
Aptian series, 702 
Aqueous rocks, 303 
Aquitanian stage, 724 
Aragonite, 19 , 266, 307, 
3 ^ 2 . 413 
Aralia^ 756 
Arapahoe stage, 710 
Araucarian pines, 669, 684 
AraucarUeSi6^g 
Arbor vitie, 735 
Arcestes^ 673 
Archiean, 53 1, 534 
A n'hcmcidans, 631 
Archceocyathelhis, *554 
Arch(Bocy(itkMSy''^SS 4 i 555 
Archmopteryx, * 698 , 7^2 1 
.4 rchegosa urus ,636 
ArcItimedeSf *630, 634 
Arctic Ids, Jurassic, 678; 
Ordovician, 566; Silu- 
rian, 584; Triassic, 66x 
Arctic plants, 771, 786 ^ 
Arctic regions, coast ice, 
166; boulders, 239 
Arctic Sea, limestone, banks, 
257, 258; suspended 

mud in, 267 
Ardwick series, 6ro 
Arenig series, 560 
Argillaceous, deposits, 303, 
305 ; materials, 302 
Arid regions, chemical de- 
posits, 187; continental 
deposits, 278; denuda-^ 
tion in, 446; lakes, 216, 
220; rivers, 146; snow 
in, 150; soil, 186; wind 
erosion, 120, *121, 447, 
448 

Ariciites^ 689 

Arikarce stage, 724, 750 , 

Anstozoe, *557 
Arkose, 304 

Armadillos, 732, 741, 7 58, 
766, 787 
Arnold, R, 761 
Arrangement of rocks, 462 
Arrhenius, 93 
A rsinoHheriim, 74 r 
Artesian wells, 132, *134 
Arthrodira, 606 ,'^ 635 
Arthropoda, 555, 573, 587, 
603, 63T, 650, 656, 670, 
687, 7x7 

Artinsk stage, 642, 643 


Artiodactyla, 729, 739, 741 
744 , 745 , 747 , 7SS 
Artocarpiis^ 756 
Arundel stage, 702 
Asaphus^ 573 
Asar, 234 

Ash (volcanic), c;^, *56, 5:7. 
*59, 60, 61, 62, 65, 81 , 
83, 286, 390; cementing 
of, 81, 277; 730, 732; 
743, 761 ; stratified, 183 
Asia, Arcluean of, 538; 
Cambrian ,553; Carbe;- 
niferoiis, 623 ; Creta- 
ceous, 7 13; Devonian, 59S, 
599; dust storms, 189; 
Eocene, 733, 734; faull- 
syslems, 466; Jurassic, 
682; Miocene, 754; OH- 
gocene, 744; Ordovician, 
567 ; Permian, 642 ; Pleis- 
tocene, 772, 784 ; Plio- 
cene, 764; Silurian, 5S4, 
Triassic, 661 
Asphalt, 316 
Aspidorhynchus, *'691 
Assam earthcpiake, 42, 46 
Assimilation, magmatic, 

391,405 

Asteroidea, 573, 5S6, 655, 
686 

Astian stage, 724 
Astoria stage, 724 
Astr(BOs^pongia,f *585, 5 86 
Astrapothefia, 759 
/i stro phyltdtesy 627 
A stylos pongia^ 586 
Asymmetric system, 7 
Athyris, 595, 603, 671 
Atlantic coast, Cretaceous, 
702, 706, 708; Eocene, 
729; estuaries, 274; Mio- 
cene, 748; Pliocene, 759; 
salt marshes, 275 
Atlantic Ocean, earth- 
quakes, 40, 41 ; volcanoes, 
53 

Atlas Mts, elevation, 726 
Atmosphere, 5; destruction 
by, 99, 100, 140, 146 
Atolls," 265 
Atops, *557, 558 
Atractites, 673 
Airy pa, 588, *601,-603 
Aturia, 737 
Aucelhi, *715, 717 
Augite, 16 , x8, 103, 267; 
2^5. 293» 296, 300, 409, 
413, 421; -andesite, 293? 
-andesite-porphyry, 293; 
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•^granite, 296; -syenite, i 
297 » 

Angilite, 293, 300 ; -por- 
phyry, 293 
Aidacoccms, 673 
Auriferous gravels, 749 
All Sable Chasm, *142, 143 , 
442, *468, 47^3 
Austin stage, 702 
Australasia, Triassic, 667 
Australia, Arciueaii, 539; 
barrier reef, *262, 265; 
Cambrian, 553; Car- 
boniferous, 624; Cre- 

taceous, 713; Eocene, 
734 ; Jurassic, 6S3 ; Mio- 
cene, 754; Ordovician, 
567; Permian, 644; 

Pleistocene, 772; Silu- 
rian, 584; Triassic, 667 
Avalanches, 148 , 150, .510 
AvicAilopecten, *633, 634, 

651 

Axes, anticlinal, 327 ; of 
crystals, 7; of folds, 331 , 
41 1, 506 

Azores, 53, 23S; earth- 

quakes, 40 

Baboon, 787 

Bacteria, 178 , 197, 3 M 

Bacirites^ 

*715, 718 

Bad lands, * 109 , *ito, 
*iiT, 149, 176, 451, *751 
Baimi, 049, 609, 684 
Bajocian series, 677 
Bajuvaric scries, 65S, 663 
BakcvclUa, *033, 651 
Bala series, 560 
Balearic Ids, 500 
Balkan Mis, 538 
Baltic Sea, i8r ; boulders in, 
239; deltas, 210; dia- 
sirophisin, 36 
Bananas, 735 
Bandai San, 55 
Banding of veins, 423, 

424 , 

Bapta^nodon, 692 
Barbadoes, radiolarian ooze, 

r. 3^3 

Barite, 425 
Barium, 6; sulphate, 426 
Barrel!, J, 2 t 6 
Barriers, marine, 253; to 
migration, 529 
Bars, 201 

Bartonian stage, 724 
Barus, C, 71 


Basalt, 293, 399 , 393, 406; 
-breccia, 301; columnar, 
369 ; -obsidian, 293 ; 
-porphyry, 293 ; -tuff, 301 
Base-level of erosion, 101, 
I 39 t 43 S> 439 > 442 , 444 , 
482, 490, 511, 512, 513; 
local, 444, 446 
Basement complex, 534 
Basic rocks, 292, 293, 294; 

metals in, 428 , 

Basin Ranges, 508; ele- 
vation, 752, 783 
Basins, interior continental, 
185, 203, 279; lake, 215; 
ocean, *244; of folduig, 
328, 329 

BatlioHths, 203, 401 , 405, 
462, 514, 534 
Bathonian series, 677 
Bays, 493, 494, 495, 496, 
499t SoOt 50 ^ 

Beach, 346 , 492; coral, 
26s;; gravel, *246, *247; 
lake, 176, *217; inclina- 
tion of, 323 ; . 

Beach-rock, 307; -sand, 
304; -wall, *246, 347 , 

' '492 ■ . ■ 

Bear Butte, 398 , *401, 460 
Bears,. 766, 787 
Beaufort series, 666 
Beaver, giant, 787 
Beaverdam Creek, 4SS 
Beavers, 747, 758 
Becraft stage, 590 
Bedding, horizontal and 
oblique, 383 

Bedding-planes, 126, 183 ; 

obliteration of, 40S, 41 j 
Beeches, 716, 735 
Beechey, Capt, 115 
Beekmantowii stage, 560, 
563 

Belemniiella^ * 7 iS» 7 ^® 
BclemnUes, *689, 718 
Belemnites, 656, 673, *689, 
690 , 7^8, 723, 729, 736 
Beiemnoidea, see Beiem- 
nites 

Bvlleropkon, *633, 634, 651 
Belly River stage, 702, 709 
Belodon, 674, *675 
Belt of weathering, 98 
Belt terrane, 54 b 544 
Bennettitese, 6S4, 714 
Benton stage, 702, 70 S 
Bermuda, sands, 190; sand- 
rock, 276 
j Bettd'aes^ * 7^4 


Beyrich, 726 

Big Horn Mts, *333 *356, 

^ *457 

Binary granite, 296 
Biotite, 15 , 289, 293, 294, 

295, 297, 408, .^2i; 

-andesite, 298 

Birds, 656, 697, 720, 738, 

756; flightless, 738 
Birhmiii, *589 
Bison, 7H7 

Bivalves, sve Pelecypoda 
Black Forest, 466, 497 
Black Hills, 505, 542, 564, 

679 

Black River stage, 560 
Black Sea, deltas, 210 
Blanco stage, 724, 761 
Blast oidea, 547, 572, 586, 
602, 639 , (>55, "670 
Bksioidocrims, *569, 573 
Block mountains, "4O4 
Blocks, s; volcanic, 80, 
387 > ^^9 

Blue Ridge, 504, 51^3 
Bog accumulations, 196; 

iron ore, 199 
Bogoslof Ids, 68 
Bokkeveld beds, 599 
Bombs, volcanic, *80, 81 , 
286, 389 

Bony Pishes, see Teleoslei 
Borax, 187, 226, 278 
Boron, 409, 420 
Bottom-set beds, 213 ■ s 

Bosses, 400 

Boulder beaches, 252 ; -clay, 
643, 644. 645 

Boulders, n8, 304; coml, 
263; glacial, 161, *229, 
*231, 232, 543 i ^ 43 t 

644; littoral, 246; of , 
glacial streams, *235, - 
2^7; of weathering, *104, 
'".'105 

Brachiopoda, S 44 > 547 » 558 , 
573, 5H8, 603, 634, 651, 
656, 671, 687, ni; Ar- J 
liculata, 558; Inarticukte, ■ 
558 , ,, - “^1 

Brackish-water 
^74 . - 

Brachyura, 687,. 7 x 7, , 7J5 : ^ ^ , 
Bradyseism,, 29 ' y : . , ' ' 

Brahma^iian i#f%. 

<^1 ' 

Brahmapootra'. ''It, - idm ■ 

2 to, 'n4 ^ - 

po ■; ‘ ^ 
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Brancoceras, *630, 634 
Breadfruit, 756 
Breccia, 187, 188 , iq6, 317 ; 
coral, 564; fault-, 317, 
’*'341 ; volcank, 81, 300 
Briber stage, 724, 733 , 
739 

British Channel, tidal scour 

in, 174 

Brittle-stars, see Ophiu- 
roidea 

Brock, R W, 129, 130 
Brongniart, 677, 726, 734 
BronieuSj 573, *576 
Brontosaitrus, 696 
Bronioiherhimy'^y 46 
Bronzite, 16 
Brown coal, 314 
Bryozoa, 258,' 575, 634, 651:, 
671 

Buchanan stage, 775, 777 
BumasluSy 573, *576' 

•Bunter Sandsteiiv, 658, 639 
Burlington substage, 610, 
614 

Burrowers, 179 
Buzzards, 738 
Byssonichia^ *574 ' 

Cables, broken by earth- 
quakes, 41 
Cmnoptis, 745 
Cainotheres, 747 
Calaniites, *626, 6S7, 648, 
649, 668 

Galas coasts, 300, 50 r, 502 
Calcareous, deposits, 191; 
shoal-water, 245, 337 ; 
materials, 302; minerals, 
rg 

Calceola beds, 590 
Caiciferous stage, 613 
Calcite, ix, 19 , 302, 307, 

40S, 409, 413, 417. 418, 

423, 425, 426, 520; re- 

crystallization of, 312, 417 
Calcium, 6; carbonate, 19 , 
187, 188, 190, 191, 19s, 

. 196, 223, *224, 257, 264, 

266, 267, 269, 270, 271, 

273, ,276, 304, 307; 

chloride, 82, 225; phos- 
phate, 194; sulphate, J 30 , 
224, 257, 266 
CalUpieris^ *54^ 

Callovian series, 677, 679 
Caloosahatchie stage, 724 
Calymmene, 573, *576, 587 
Qaihbnan, 531, 546, 648 
766: 


Cmmrelh, *554 
Camptonectes, ^6Z$^ 688 
Canadian series, 560 
Canary ids, 53 
Cum'ji, 788 

Canon, of Colorado, 144; 
of Columbia, 483; of 
Gunnison, 4^394, 4S5 ; of 
Snake, 483, of Yellow- 
stone, *128 
Canons, 480 

Cape Fairweather stage, 
764 

Gape Verde Ids, 53 
Capillarity in soil, 124 
Capitan stage, 637 
717 

Gaprotinaj, 713 
Capture of "rivers, 486 , 
*489 

CapuluSy 5S9 

Carbon, 6, 197, 314, 315, 
316 

Carbonaceous accumula- 
tions, 314 
Carbonates, 104 
Carbonation of minerals, 
98, 102 

Carbon-dioxide, 82, 98, loi, 
102, 191, 19S, 197, 271, 

^407,415 . 

Carboniferous, 531, 547, 

609 ; Lower, 610 , 622, 
623, 624; tipper, 610, 
615 , 623, 624 
Cardiaster^ ^715, 7^7 
Cardiia, 67 t, *^737 
Caribbean Sea, 3 1 1 
Cariuthian stage, 658 
Carnivora, 729, 739, 745, 
747 » 75 ^^ 

Laryocrinus, ’*'585, 586 
Cascade hits, 483; eleva- 
tion, 681 
Cascades, 514 

Caspian Sea, 227; deltas, 
210 

Cassiduhis, 717 
Castoroides^ 7S7 
Casts, *519 
Cataracts, glacial, 
Catastrophism, 527 
Cathshes, 718 
CatoptcriiSt 673 
Cats, 757, 766, 787 
Catskill Mts, streams of, 
487 

Catskill stage, 590, 696 , 

^599 ^ 

CaiuruSt 691 


Caucasus, 514; elevatioi^ 
726, 754 

Caulopteris, 668 
Cave bear, 78 7 
Cave, deposits, 194; earth, 
196 

Caverns, ancient, 196; lime- 
stone, r27, '‘*'135; wind- 
cut, 122 

Caves, 194; sea-, 174 
Gavies, 787 ^ 

Gayugan series, 57 8 
Celebes, iobate coast of, 501 
Cement, calcareous, 105, 
109, I’lqj consolidation 
by, 276; ferruginous, 
105, 106, 304; of sand- 
stones, 105, 304; sili- 

ceous, 105, 106, 304 
Cementation, 409 , 416 
Cenomanian series, 702 
Cenozoic era, S3 1, 733 
Centipedes, 547, 632 
Central America, earth- 
quakes, 40, 41, 50; Oli- 
gocene, 742 ; Bliocene, 
759; volcanoes, 54, 58 
CentrosjAere, s 
Ceph^alaspis^ 605, 606 
Cephalopoda, 559, 570, 

575 , 589, 604^*634, 651, 
656, 671, 6S9, 717 
Ceraiitcs, 673 
Ceratodus^ 652, 673, 691 
Ceraiosdurus, 696 
CerauruSy 573, *576 
Cerithimn^ 671 
Chain, mountain, 504 
Chalcedony, IS, 123, 194, 

''■ 309 ''. 

Clialk, =^ 611 , 700 
Chamberlin, T C, 368, 

^ 533 , 77 L 774 ., 
Champlain subsidence, 780 
Changes, geographical, 528; 
of level, 29; horizontal 
in strata, 183; vertical in 
strata, 183; of tempera- 
ture, 116 , 180 
Channels, ancient river, 
*110, 307 , *209 
Chaniwood Forest, 440 
Chattahoochee stage, 724 
Chautauquan series, 590, 


596 


Chazy stage, 560, 563 , 564 
Cheirodus, 635 
Cheirotherium, 674 
Chemical action, by organic 
matter, 178; by rain, 


INDEX 


797 


loi; bv sca-watcr, *i73; 

174; underground 

■ wker, 126 ^ 

Chemical deposits, laud, 
187; lake, 220, 223;, 

shoal-water,260j precipi- 
tates, 307 

Chemung stage, 59^1 
Chert, 13 , 309 , 313 , 3^4 
Chesapeake Bay, 33, 49 5 1 
501; estuary, 274 
Cliesapeake stage, 724 
Chestnuts, 7 id 
Chickasaw stage, 724 
Chico series, 702, 710 
Chiniairoidei, 6 qo 
Chipola stage, 724 
Chlorine, 6 
Chlorite, IS, lag 
Chonclcs, *601, 603, =*^033 
634 

Chonoliths, 399 , 403 
Chorisioceras, (^13 
Choristodera, 719 , 723* 

729* 73S , . 1 

Chronology, geological, 321, 

385, B 2 U 525 

Cidaris, 631, *^085, 686, 716 
Cimolestes, 721 
Cincinnati anticline, 508 , 
579,612,615^ 
Cincinnatian series, 560 
Cinnabar, 194 
Circulation of matter, 24 , 
97, 281 

Cirques, glacial, 104 , 510 
Civet-cats, 747* 75 ^> 
Cludoselache, *606 
Claiborne stage, 7 ^ 4 ,^ 
Clarke, F W, 6; J M, 522j 
■ ■■■. .5237. ■■ 
Clathropkns^ 668 
Clay, 103 , 107, 13^, iQQ. 
267, 269, 302, 304, 305 , 
306, 416, 41 7 ; 306; 

concretions, 324; in lakes, 
jaiS, 219, 220; metamor- 
phism of, 407? oceanic 
red, i 74 t ^^ 45 * ^ 72 , 274^ 
279; porcelain, 306; pot- 
ters*, 306; rocks, mt?ta- 
morphism of, 40?', settling 
in brine, 223; shoal- 
water, 256 

Clear Fork stage, 637, 640 
Cleavage, mineral, 9, 11 , 
41x5 of igneous rocks, 
i 410; slaty, 278, ^ 410 , 
4X3» 4331 cause of, 4^2; 
in mountains, S®* 


C!'®''. '<’8. 492 , 493; in barf 
rocks, 452; of fault- 
scajps, 348, 483, 


*465 

n hmicogm pttis, ^ ^ . 

Climate, arid^446; Algon- 
kuin, 543; Carboniferous 
624; CenoKoic, 722‘ Cre- 
taceous, 713; Devonian, 
600; effects of, on conti- 
nental deposits, 240* on 
deposition, 186; on ero- 
sion, 100; on marine de- 
posits, 272, 273*} Fooene, 
735; Interglacial, 777. 
Jurassic, 6S3; hlesozoic, 
537; Miocene, 759, 767. 
Oligocene, 747;' Ordo- 
vician, 567 ; [‘alasozoie, 
548-, Permian, 645; 
Pleistocene, 785, 786- 

Pliocene, 767 ; ‘ x^luvial’ 
439 ; Silurian, 584; toxio- 
graphical effects of, 439, 
442, 445; Triassic, 667 
Climatic changes, 450, 529; 
causes of, 785; effect on 
rivers, 491 
Clinometer, 326 
Clinton stage, 578, 581 , 5S8 
Clunian series, 57S 
Chmcniay 604 
Clymenia Limestone, 590 
Clypeastroidea, 686 
Coal, 196, 306, 314 , 618 ; 
anthracite, 315 , 418 ; 

bituminous, 315; brown, 
3 J 4 , 743; cannel, 315; 
Cretaceous, 704, 706, 709, 
710, 713; Jurassic, 68 2; 
Measures, 610, 617, 622, 
623 ; metamorphism of, 
407, 409, 418; Miocene, 
752; origin of , 6 t 8 ; seams, 
J99, 306, 320; semibitu- 
minous, 315; steam, 315; ; 
Triassic, 660, 664, 667, 
668 

Coast-ice, 166 

Coast Range, 504; elevation, 
681 , 752, 759; fault-vab 
leys, 467; thickness of 
strata, 505 

Coasts, adjusted, 493 > 495 , 
501; calas, 600 , 502; 
determined by marine 
erosion, 493^ S02; by 

structure, 501; by sub- 
aerial erosion, 500; 
faulted, 502; ffat, 492, 


493 . 494 , Sor; folded 
502; irregular, 492, 495 
500, 501 ; iobate, 492. 
501 ; old, 495; rias, 
499, 501, 502; serrate, 
493; steep, 492, 493, 
494 ; wear of, 167; youth- 
ful, 494 

Cobblestones, 304; in <k‘l- 
tas, 2.13 

Coblenzian fauna, invasion 
f’l. 593 

Colilenzian series, 590 
Cobleskill stage, 5 78, 583 
Coa'ostens^ O06, *607 
CocMloremSj 673 
Cod, 718 
Cilicia ointhus, 635 
Ca’lenterata, 570, 602, 629, 
650, 670, 689, 716 
Caymans stage, 590 
Cohe, natural, 409 
Coleman, A P, 543 
Goleoplera, 671, 687 
Colorado River, 136, 144 ^ 
222, 241, 752 
Colorado series, 702, 708 
Colouring of rocks, 22, 103 
Columbia River, 483, 484^ 

485 

Columbian formation, 783 , 
Colummria^ *569, 572 
Columnar joinling, 76, ’’^77, 
*78, 369, *402 
Comanche series, 702, 703 , 
70s, 706 
Comatula^ 686 
Combinations of crystals, xo 
Commentry, coal-basin of, 
619 

Com ores Ids, 54 
Como sta^e, 680 
Compression, lateral, 345.: 
35 L 359 . 360, 

364. 365. 4 rB 412 *; 
413 , 433. 503 ; consolida- 
tion by, 277; genesis pf, 
365, 367 ; of Igneous rocks, 
396;*’ of mountains, 305, 
508 ; orogenic, 403 > 
currence of, 50S; second* 
ary, 366 

Compsogmihus^ 696 
Concentration, calcareous, 

. 303; of iron, 187; of 
material, 183; of m-etals,. 
438; siliceous, 303 
Concretions, ^ 3aa,' 

*^324 ' ' " " y 

Condyiartta* 7»9 ; 4 
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Conemaugh stage, 6io 
Cones, volcanic, * 83 , *84, 
*Ss, *S6, *87, 386, 459; 
buried 388; denudation 

01,385,459 , 

Conformity, 377; deceptive, 
380 

Conglomerate, * 305 , 306, 
321; basal, 381; coral, 
264; cross- bedded, 25s; 
flint, 305; granite, 305; 
limestone, 305 ; meta- 
inorphism of, 40S, 416, 

* 41Q, *420; modern, 266; 
quartz, 305 

Congo, submarine channel 
of, 34 

Conifene, 628, 649, 655, 
668, *669, 684, 7x4, 756 
Connection of America with 
Eurasia, 724, 732, 733, 
734 , 738, 743 , ,750; of 
North and South Amer- 
ica, 732, 750, 766 
Conocardium, 603 
Consanguinity of" rocks, 291 
Consolidation of sediments, 
97 , 

Comtelhma^ *571 
Contact-zone, 498, 409, 429 
Continent^ , deposits, iSi, 

i8«a '-V 

ContiiSrol '«h€lf, 243, *244 
Continents, area of, *185; 
height of, *185; Pc'r- 
mian, 645; Eocene, 734 
Contortions, 333 , 359, 506 
Contraction of earth, 51, 
337 

ConulariUi *574, 577 , 634 
Copper, 194, 427, 544; 
Coquina rock, *258 
Coral, crystallization of, 264, 
312; limestone, *263; 
mud, 270; Rag, 677 
Corallian series, 677 
CoraUiocJmma, py 
Coral-reefs, 34, 259, *262; 
barrier, 265; Devonian, 
594, 598; fringing, 265; 
Silurian, 582; slopes of, 
266 

Corals, 258, 259, ^ 60 , *262, 
S 47 , 548, 555 » 572, 5S6, 
602, 629, 650, 65s, 670, 
686, 716, 736; reef- 

building, 261 

Cordaiteae, *626, 628 , 668 
Cqrdaites, *626, 649 
, Cotdillera, 504 


Cordillcran Glacier, *773, 
776, 778; Sea, 594 

Cormorants, 721 
Coryphodon, 739, 741 
Cotopaxi, 80 
Cotylosauria, 654 
Counir5-rock, 391 , 399, 

400,423,425,429 
Cranes, 756 
Crater Lake, 57, *58 
Crater-rings, 57 , 84 
Greexj, frost, 1 13, *x 14 
Creodonta, 729, 739, 741, 

C repiccpmlus^ *557 
Cretaceous, 490, 512, 531, 
d 55 , 657, 700 f Lower, 

702, 763, 704, 708, 71 T, 

712; Upper, 702, 705 , 
706, 707, 712 
Crete, 30, 33 
Crevasses, 153 , 164 
Crinoidea, 259, 547, 57 ‘i, 

. 586, 602, 614, 631, 650, 

655, 670, 686, 716; Ar- 

ticulata, 655, 670, 686; 
Camerata, 631, 655, 670 
Crfocmis, *685, 68 q, 717 
Crocodilia, 694, 719, 723, 

^ 738. 744, 745. 747 

Cross, W, 647 
Cross-bedding, *254, * 355 , 

.■ 322 . 

Crossoptery'gii, 607 , 635, 

^ ^73. , 

Crust, earth’s, 92, 93, 94, 
533 , 539 

Crustacea, 259, 555, 656, 
^6877717 

Cryptogams, 547, 600 
Crystal forms,' 7 
Crystalline rocks, disinte- 
gration, 118; faulting, 
344 ' 

Ciystallites, 74 , 295 
Crystallization, 9, 284, 288, 

4 T 4 

Crystals, 6 ; compound, 1 1 ; 
in lava, 75; in tuffs, 301; 
in veins, 424 
Ciemcodon^ 69S 
Ctenodm^ 635" 

Cuba, barrier reef, 265; 

radiolarian ooze, 313 
Cubical system, 7 
Cuboides-zone, 590, 595 
Culm, 622, 623 ' 
Cumberland 'Basin, 579, 
582, 583, S91, 593, S9S, 
646 


C u press ifes^ 684 
Cupressocrinus^ 602 
Current-bedding , 255 
Currents, ocean, 167 ; tidal 

CuvuT, G, 726, 734 
Cyathophyms^ *569 
Cycadaceic, 669 
Cycadales, 628, 649, 

655, 668, 669 , 684, 714 
Cvcadofilices, 600, *626, 

* 6*28 

Cycle, arid, 439, 446 ; com- 
'plcte, 512; gcogrn.f)hical, 
438 ; normal, 430 , 44S, 
449; of denudation, 512; 
of destruction and recon- 
struction, 279, 281; of 
river development, 481; 
of • rock-transformation, 
415;' partial, 512 
Cycles, Appalachian, 511; 

on sea-coasts, 494 
Cycloccras^ 634 
Cyclonema, *574, 5 89 
CycloiosauruSy 674 . 

Cpmitonotii^ *574 
Cynoglossa, 649 
Cyprm^ 756 
Ci’presses, 736 
Cypridina States, 590 
Cyrtuta^ 671 

Cyrioceras^ *S 74 j 577 j 604 
Cyrlodonta^ ***574 
Cyriolilvs^ ’*'574 
Cystoidca, 547, 555» 5^8, 
« 57 ^ 3 , 586, 602, 629, 655, 
670 

Dacite, 293, JJ 08 ; -fior- . 
phyry, 203 

Dakota Sea,. 594, 595; 

stage, 702, 706 
Dali, W H, 741, 749» 761, 
762 

Dalnianella, *571, 573 
Dalmamtcs^ 5S7 
Daly, R, 2Q2, 3S5, 399, 514 
DanimariicSy *714 
Dana, JD, 330, 591 
Danian series, 702 
Daonellay 671, *672 
Dapedius, *690, 691 
Darwin, C, .179 
Davis, W M, 448, 449, 483 
Dawsonaceras^ *585 
Dead Sea, 185, 444, 469 
, Dean, B, 605, 606, 607, 652, 

I .^674 

1 Decapoda, 670, 687 
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Decomposition ^ of rocks, 
97, 241; of silicates, 17, 
103; organic, 17S, 197, 241 
Deep River stage, 724, 750, 

■■ 1 S 1 ■ 

Deer, 757, 75S, 766, 787 
Deformation, cause of, 358 
De Geers, 32 
Degradation of land, 436 
Deiphon, *585, 587 
Delaware Bay, 49S1 5°G 
estuary, 274 

Delaware Mi stage, 637 
Delaware Water Gap, 114, 
*iJ5, 443, 453 
Deltas, 310, *211, 216, 219; 
cross-bedding in, 255; 
suVjmarine, 213 
Dendrerpetony 6$6 
Denudation, 97, 440; ma- 
rine, 440, 501 ; of land, 
185, 1 86; of mountains, 
509; subaerial, 443, 494 
Denver stage, 702, 710, 720, 

Deposition, 97, 98; in 

deserts, 241 ; in fresh 
water, 210, *^212; in 

lakes, 215; in salt water, 
210, ^'212; in sea, 245; 
in temperate regions, 241; 
in tropics, 242; of land- 
waste, i8t ; on land, 1 85, 
186 

Depression, evidences of, 
33; effect on rivers, 482 
Depth, as a controlling 
factor, 27, 359, 360, 413, 


Veriyay ’^633, 634 
Derivative rocks, 105, 182, 
302 

Desert, Colorado, 222; Mo- 
have, *447; zones, 241 
Deserts, circulation of 
matter in, X23; of North 
America, 449; of South 
Africa, 449; talus in, 317 
Destruction of rock, 97 
Destructive processes, 98, 
100 

Devitrification, 9, S95, 296 
Devonian, 531, 547* S63> 
590, 610 

Diabase, 293, 399, 393, 
’<'397; jointing of, *<*370; 
metamorphism of, 420; 
weathering of, *370 
DiadecteSy 654 
Diagenesis, 276 


Diallage, 16 

Diamond, 11; mines, 388 
Diastrophism, 2S, 98, 425, 
436, 437 y 482;' effect 

on coasts, 493, 494, 501 ; 
on denudation, 99, 438; 
on deposition, 99, 439 ; 
epeirogeiiic, 29; orogenic, 
28 

Diatoms, 194, 220y 267, 
272, 275, 313, 314, 748, 

Dilirandiiata, 575, 656, 673, 
690 ' . ' 

Dlceras, 688 
Diceratherimn^ 747 
Dklonms, *720 
Dicotyledons, 655, 714, 716 
Dirtyonmiiy ’<'55;, 555 
Dictyopygey 673 
Dictyospongidie, 602^ 
Dkrocymdon^ (K)i) 
Dicynodony 
DidelphopSy ^21 
Dielasmay *633, 634 
Differentiation, magmatic, 
‘^90, 29X, 292 
Dikellocepkalhy 549, 5 58 
Dimetric system, 7 
Dinaric series, 658, 663 
DimehihySf 607 
Dinosauria, 675, 695, 719, 
723,727,729 ; 

Dhiotheriuniy 758, 766; 

Sands, 764 

Diorite, 293, 398, 395; 

family, 293, 397; -por- 
phyry, 293, 296 
Dip, initial,' 335, *363, 364; 
of fault, 340; of strata, 
336, 327, ’<’328, 333; of 
veins, 423 

Dip-slopes, ’<‘453, 454, 47^> 
DiplodocnSy()g6 
DipluruSy 673, *674 
Dipnoi, 606, 635, 652, 691 
Diptera, 687 
Dirt-bed, 187 
Disintegration of rock, 97 
Dislocations, 96, 338, 345, 
404; causes of, 358 
Displacements, 433 ; of 
coast-line, 30 

Dissolved substances, in 
rivers, 146; in sea, 269 
Distortion of crystals, 10 
Divides, 480; shifting of, 
486 

Dogs, 745, 747. 7 ^^ ' 
DolatocrinuSy 602 


Dolerite, 299 

Dolomite, 20, 266, 312 ; 

crystalline, 417 
Dolphins, 758 
Domes, 329, 384, 505; 

granite, 117, *120, 474, 

Don formation, 777 
Dorypygey *557 
Doulile Mt stage, 637,640 
Dovetailing of deposits, 

. *^257 

Downthrow, 340, 347, 350, 
366, 3H4, 469, 470, 471 
Duwnwarp, 29 
Drag, 342, *350, *356 
Drainage, adjuslm'cnl of, 
459 ; changed liy earth- 
quakes, 49; by joints, 
472; epigenetic,’ 484; in-# 
herited, 484; -level, 12^5, 
127; lattice, 467; of and 
regions, 446; superim- 
posed, 484 

Drainage system, disinte- 
gration of, 44S; maturity 
of, 490 

Drift, glacial, *159, 

232, ’<‘233. 770 . • 

Drift-sand rock, 191, 276, 
31 1 

Driftwood theory, 61$ ' - 

Z)rowa//temw, 676 t 
Drumlins, 235, ’<‘237, 77s 
Dry mines, 125 
Dryolesiesy 699 
Ducks, 756 

Dunes, *189, ’<‘190, 317 
Diuikard stage, 637 
Dust, volcanic, 81 
Dust-storms, 189 
Dwyka stage, 643 
j Dyas, 642 

Dykes, 79, 83, 293, 391, 
* 392 , *393t *39S» 3J7> 
400, 403, 407, 433, 4W» 
sandstone, "^426, 427 


Eagle Ford stage, 702 
Eagles, 738, 756 
Earth, internal constttu* 
tion of, 90; internal me- 
chanics of, 368; intern^ 
temperature of, 91:; ori- 
gin of, 533; 
gravity of, 90^ 
Earthquakes, 28* 29, 

95, 4f4. 

of, 50] dasaificatjon of* 

42; distribution of, 








8oo 


INDEX 


*5*40; effects of, 45; 
sea-bed, 41 ; phenom- 
ena, 42; tectonic, 42, 50 ; 
volcanic, 42, 50 
Earthquake waves, 93 
Earthw^orms, work of, 179 
EchidWi 698 
Echinocaris, *601 
Echinodermata, 258, 259, 
270, 547 » 54S, 555, 572, 

586, 602, 929, 650, 655, 

670, 686, 716, 736 

Echinoidea, 572, 586, 602, 

631, 686, 716, 736 
Ecpkora, *756 ‘ 

Edentates, 75S, 7S7 j 

juirwcvinus^ *601, 602 ! 

ElasmosauruSy 718 ; 

Elephant, hairy, 787 
Elephants, 74'!, 750, 757, 
766, 787; frozen car- 

casses of, 518 

Elevation, effect on rivers, 1 
482, 483, 49QJ evidences ; 
<jf, 3 ^ 

ElkMts,399, 503 
Elms, 716, 735, 736 
Elomenum, 747 
Empire stage, 724 
Encrinurusy 5S7 
Rncrimis, 670 
EndoceraSy 577, 589 
Endothyra, 629, *630 
Energy, solar, 25; terres- 
trial, 28 

Englacial drift, *165, x 60 
Enrichment of veins, 431 
Enstatite, 16- 
EohasikiiSy *740, 741 
Eocene, 710, 724, 726, 727, 
739 

EocystiieSy *554 
EohyuSy 739 
Eotomaria, *574, 575 
Epidote, 17 
Epoch, geological, 530 
Eqnisetales, 547, 600, *626, 
637 , 668, 684, 714, 735 
EquiseUmy 668 
Equus Beds, 782 
Era, geological, 530 
Brian series, 590, 595 
Erosion, 97, 98; contem- 
\ poraneous, 382, *383; 

glacier, *158; lake, *175; 
river, 135; sea, 167 
Erratics, 330 , *232 
Eruptions, fissure, 84; vol- 
. Caii;c ,.54 

^pdye rocks, 284, sgo 


EryopSy *653 

Escarpments, * 453 , 476; re- 
cession of, 454, 455 
Eskers, 334 , *236, 237, 771 
Esopus stage, 590, 594 
Esther iay 670 
Estuaries, 210, 274,482 
Estuarine deposits, 274 
EticalypiocrinuSy *585, 586 
Euechinoidea, 631, 655, 670 
RugeniaermuSy 686 
EwnicroHsy *685 
EAiomphaluSy 6o^y 634, 
EupachycmiuSy 631, *633 
Europe, Algonkian, 543 ; 
Arclneaip 538; Cambrian, 
5527 Carboiiiterous, 622; 
(Cretaceous, 712; De- 
vonian, 598; Eocene, 
7335 Jurassic, 682; Miiu- 
cene, 752; Oligocenc, 
743; (Jrdovician, 566, 
568 ; Paleocene, 72S ; Per- 
mian, 641 ; Pleistocene, 
772, 784; Pliocene, 763; 
Silurian, 583 ; Triassic, 
658 

EuryhpiSy 6 ^$ 

EurynotuSy 63^5 
Ehirypterida, 544, 547, 573, 
582, * 587 , 588, 603, 632, 
650, 656 

EtirypieriiSy *587, 603 
Ewry5/omfj5es,*574, 577 
Eiitaw stage, 702, 708 
EuirockocrhmSy *630, 631 
■Exfoliation, * 117 , *118, 

*119, *120, 474, *475 
Epoogyray 688; *715, 717 
Extrusive rocte, 284 

Facetted pebbles, 161 
Facies, changes of, *523 
Fairbanks, PI W, 445, 447 
Falkland Ids, 600 
False Coal Measures, 613 
Fans, alluvial, 202, 325 
Fasciolar w, *7 65 
Fault-blocks, 5 , 366, 384, 
464; tilted, 464, 502, 5 ° 3 r 
508, 509;^ tilting of, 367 
Fauit-breccia, 317, *341 
Fault-plane, 341 
Fault-rock, 341 
Fault-scarps, 45, *46, 47, 
48, * 348 , *349, 3 Si» 
436, 463, *464, *465,497; 
denudation, 469; dis- 
sected, 463 ; reappearance 
of, 471; reversed, 469 


Fault-systems, 464, 465, 466 
467 

Fault-valleys; 467 

Fault-zone, 424 

Faults, 5, 45) 8 ^ 38 , 344, 413, 

432. 506; dip-, 345, 

* 349 , 350, 351 ; cause of, 
365 > 366; compound, 

346; horizontal, 49, 345, 
351 , *352; in igneous 
rocks, 3 q 6; normal, 49, 
* 339 , *340, 345, 346 , 

35 b 366, *468, c;o8; 

oblique, 345, 
on bedding-planes, *343; 
pivotal, 345, 35 *^, *354; 
radial, 345; revetWed, 
345, 351 , 366; step-, 347, 
*348; strike-, 345, 346 , 
*348, 3505 topographical 
effects, 463 ; trough-, 
*346, 347 ; vertical, 340, 
*344 ■ 

Faunal provinces, *522 

Faunas, 547 

FavositeSy *585, 586 

Fayol, M, 619 

Feather stars, see Crinoidea 

Felsenmeer, 510 

Felsite, 293, S 05 , 296; 

metamorphism of, 426 
Felsitic texture, 285 , 294 
Felspars, 13 , 19, 103, 104, 
129, 136, 267, 289, 290, 

293, 296, 299, 300, 304, 

408, 409, 414, 416, 421; 

lime-soda, 53, 72; soda- 
lime, 298; potash, 13, 72 
Felspathie rocks, 107 
Feispathoids, 14 , 289, 290, 

2Q7 ’ 

Fenestellay 634 
Ferns, 547, 586, 600, 625, 

648, 649, 655, 668, 684, 

^ 714, 735^ 

Ferrar, H T, 772 
Ferro-magnesian minerals, 
72, 2S9, 294, 29s, 296, 
297, 298 

Ferrous, carbonate, 102, 
103, 105, 192, 199, 220; 
com^rounds, 102 ; sul- 
phate, 431: 

Ferruginous accumulations, 
314; precipitates, 309 
Filicaies, j-ee Ferns 
Fire-clay, 198, 196 , 806, 618 
Fishes, 548, 606, 608, 635, 
652, 673, 690, 718, 723,. 
736;SaurodDnt, 71; 8; *719, 
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410 , *41 J 

« 3 . 5 of. S°S-, cause ol, ^ 

earthquake, ^ 43 ^ ’ 

relation to volcanoes, 54 

Fiord coasts, 490 . 50^50^; 

depression of, 497 
1 < jords, 49 G, * 4 Q 7 » ^'- 19 ^ 
Flagstones, 304 
Flamingoes, 7 S” 

Flexures, compheateo, 3^5 j 
of strata, 330 > 3 .y 
Flint, l‘f, 

roncretions, 334 - 
Flood-plain deposits, 

205,278,507 . I 

Iduod'plains 203 , '204, 

*235, 443 . 

Floods, *200, *20T, 203 ^ 
Floor, 

540 

Floras, 547 , 

Florida island, 742, 75 ^ 
Florida stage, 724 

Florissant beds, 752, 75 ^ 

Flow, lines of, 295 
Flowage, shell of, 359 , SoS 
Flowagc aud fraewre, shell 
of, 360 

Fluorine, 409, 429 

Fluorite, 1 1, 29, 429 

Fluviatile deposits, 199 


Footprints, fossil, 206*251, 1 Gaiioidei, 60S, 673, O91 

I Cxaniets, 17 . loa* 40S, 


255, 275 

Foot-wai\ *339, 340 , 351 

If,.....-. vvi?n?.'i;»ru nr!>l ofxn 


Foraminuera, 25S, 260, 267, Gas, marsh, 316; nat- 

nt^n nh-t limV 


"’26o,'2"7o, ?7^ 273, ^311', ural, 316 

312, 313, 555 , 5707 929, Gases, magmatic 4077429; 
650, 6S4, 710, 73b volcauir, 70, 80, H 4 , 95 

FordiHa, *554 Gastropoda, 558, 575, S^ 9 » 

Foreland of mountains, 502, 603, 634, 651, 656, O71, 

506 \ 

Foreset beds, 313 , 21O, 255, Gay Head hands, 759 
^2^ Geanlicnne, 3^0 


Forestian stages, 775 
Forests, buried, 33 
Forms, crystal, to 


Gedinnian senes, 590 
Geikie, A, 546, 661, 772 
Geihie, J, 774, 784 

i--. 7 .7 T f / • ’ * « 


Forms, crystal, to j, 

Fort Pierre stage, 702, 709 Genesee stage, 590, 595 , 


Vuvi Union stage, 724, 737 
Fossa magna, 467 
Fossils, q(h 184, 40B, 516 *, 
destruction of, 408, 417; 
embedding, 516; in lava, 
S3 • in mclainorxdnc 
rocks, 496; modes of 
iireservalion. 518 

Fox Hills rtage, 702, 709 


Geiilogy, i; dynamical, 4 » 
33 ; bistorb'al, 4 ? 
idivsical, 4 ; Tdtysiof^J'^tpb- 
ical, 4, 435 ; structurnb 
4, 280, 3 B 1 ; tectomc, 
2 Ho, 3 HI 

Geomorpbogeny, 43 5 
Geomori>hology, 4 » 436 


Ka-sc HiL s stage, 702, nnr 

Fox R, folding in bed of, 362 Georgian epodn 549 


Fracture,, shell of, 360 
Fractures, 7338 , 432 
Fragmental products, vci- 
canic, 70, 79 , 286, 300, 
389 ^ ^ 

Fragmental texture, 286 
Fredericksburg stage, 702 
1 Fresh- water lakes, 21O 


S;* Esys*,.'-' 

FoU'i 3”*. 'Ti',"n'3”"t 


(leosyndiiie, BJJO, 504, 507, 
512, 647 

Oervillmt *685 
Gevserite, 192, 194, » 99 ^ 
Geysers, 134 ; deposition 

by, 309 . 

Giant granite, 29b 
Giant kettles, 137 , ' ■ 

Giant’s Causeway, 369 ' 

I Gilbert, C ‘H, 68 
Gilbert, G K,2i9. 221, 39 ^ 


eoH: asyrmneincal, 331 , 

(2, 505. "!'■ 

sVs; fia'isi 111 Ilium "f, 33 ° i 
closed, *331. . 332 . 3 ,M. 
cos, 30S, S“; cross, 33 - 3 . 
fad, 333 , so^; 

*^^1* *3^2, 359 » 5 ^F> . ‘ 

igneous 'rocks 396- vn- 


fan, 333 , 5 °^^; ’ 71,287 

*331, * 33 ^» ,359, p\ 4 on stage, 702, 704 

igneous rucks, ’312, 629 , *635 

, xcctcd. 33 ^- iSyf ^’c,To- Fusulina Limestone. 6=3 

nnen. FUSUS, 71I 


dinal’ *7335, *ii6; op^fii, 

overturned, * 33 L ^ - family, =93. 2 »S. 369 - 3«5 7 °- 6 . Devonian, S 48 .S 99 ? 

333. 3h4, 505. . 5 ^. -porphyry, =M , IvnnlaiB', *» 31 . 

cuHibcnt, 33r. 3 ^j> 334 ; QaUinaceocs birds, 756 .548, 64-1, 643 . *® 44 . 

regular, 505 , sim ^35 . Q„gamop^a, (H 9 «lsf net«hSC*"«U®’ . a' " 

syncuSu 50B4 Ga^^e, 4 » 6 , 43 o;nti«ocals, 

teg. 33=; «pctgW. “^331. th&eas t^. m. Wi 

sps, S°» ata Gannister, 199 , sjotioB' '' * 5 n ; f'®' 

H Foliation, 41®. 413. 474 1 Ganniater senes, 6 io 1 , , ■ i 

,;,Fpols’goia,.2r v.^'M 

‘.l; id-'. i.y'V '’■■S?y''i'd'*.s,L. r.-:‘ r.-vj'i'i 

‘‘t.'-. ■. '* . ' VS=tl:iSfc 4 w.lili 


action of', V 3 r. rd.,, Gilbert. G K. =.9. 39= 

■ 

FtSu»reefof, 34 . * 

Ful" iity of igtieous rocks, Glacte^^ dep^its.^^ ®|. • 

Ful™stlge. 7°=.™6 ^■ 

Fwh/wki, 31=. 633 *,(,’2; pe)?bles,‘as 9 .*® 3 *'> 

Fusulina Limestone, 6=3 ,8,^; trans- 

Fusus, 717 portation, 3:64 . •‘{'M 

“.if. 

family 293, ^68, 369, 365 ^ S4% 

-Porphyry 293 j p^ruiinjig ^||b 

Galiinaceors bnus, 75^ g 64‘3f/^^4i 

Gangct'ii^opiemt 649 785; rleisfcd!2;ensy 3 ^ 9 , 




5 o 5 f SoS 
Foliation, 4 '^ 
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mont, 157; valley, *150, 

157 

Glacio-lliivial <leposits, *234 
Glass, add, 203 ; ^ amor- 
phous, 9; volcanic, 74, 
*7S, 2S4, 288, 294, 295, 
301 

Glassy rocks, 9 
Glassy texture, S 84 , 288, 
294, 392 

Glauconite, 19 , 267, 269,313 
Glauconitic beds, 702 
Ohbigi'nna, 270, *554, 7^6 
Glossoptcm, 649, ^650 
Glossopteris Flora, 649, 654 
GlyptocrimiSy *^569 
Glyptodonts, 758, 7S7 
Glyptostr obits, *^737 
Gnathodontia, 674 
Gneiss, 413, 418 , ^419, 421, 
515; biolite-, 41 8 j con- 
glomeratic, 419, *420; 
dioritic, 410; granitic, 
419 ; hornblende-, 418*, 
jointing of, *371, *372, 
476; of complex origin, 
420; syenitic, 419 
Gold, 194, 43S, 429 
Gomphoceras, 604 
Gondwina Land, . 666] 
system, 643, 644, 661,682 
Goniatitcs, 604, 634, 651 
Goniograpkis, *571 
Gordon, C H, 419 
Gorges, river, 443, 4S0, 4S2, 

^483 

Gossan, 431 
Graded streams, 48 1 
Graham Id, 67, 173 
Orammysia, 603 
Gramtocrinus, 69 
Grand Canon of Colorado 
R, IM, *^378, 44a 
Grand Cafion series, 544 
Granite, *287, 293, * 

40Q, 40 r, ***404; disinte- 
gration of, 102, 103; 

family, 293, 294; joints 
of, 369, 474; metamor- 
phosed, 419; -xJiorphyry, 
293, ^06 
Granidte, 296 
Granitoid texture, 285 , *287 
Graphite, 409, 417, 418 , 

^540,544 

Graptohte zones, 572 
Graptolites, 547^ 55 S» 
■.^S7o> SS6, 602 
^Gtass, protection by, 176 
.'Gr^asses, 733, 764 


Gravel, 279, 804 , ^ 320; 
in ddtas, 213; littoral, 
245, ^’246, *247 ; of gla- 
cial streams, "'‘235, 237; 
old river, 207 ; river, ^200, 
428; shoal-watei*, 245, 
273 

Great Basin, 203, 226,444, 
464, 467, 491; 508, 509 
Great Basin Sea, 612 
Great Lakes, 218; history 
of, 779 

Great Oolite, 677 
Great Plains, absence of 
intrusions, 403 ; Carbo- 
niferous, 610; Devonian, 
596; Ordovician, 565 
Greenbrier stage, 610, 018 
Greenland, Carboniferous, 
623; diastrophism, 36; 
fjord coast of, 406; ice- 
sheet, 157, 

165; temperate floras in, 
529 

Green River stage, 724, 
731 

Green sand, 269, 312 
Grenville series, 535 
Grijfithides, 632 
Grooves, glacial, *162 
Ground ice, 166 
Ground mass, 2 85, 286 
Ground Sloths, 758, 766, 
7S7 

Ground water, 98, 1 ^ 24 , 
478; level of, 125, 43 £ 
Group, geological, 5^30 
Grypheca, *685, 688,717 
GuadaUipian series, 637 
Guano, lot 

Guelph stage, 57S, 581 , 597 
Gulches, young, ***479 
Gulf of Mexico, basin, 216, 
:P^244; deltas in, 210; 

limestone banks, 359 , 3 1 r 
Gulfs of faulting, 50 r 
Gulf Stream, 167 
Gulls,^ 738, 756 
Gunnison R, 4S5 
Gymnosjierraa?, 547, 602, 
”628, 649 

Gymnoioceras, ***672, 673 
Gypidiila, *601, 603 
Gypsum, ii, 30 , 224, 226, 
278, 308 , 312 
Gyrocera&y 651 

Hackelt, A E, 71, 104 
Hade of fault, 49, *339, 

340, 347, 34S, 354 


Hadrosaiirus, 72a 
Htematitc, tJl, 187,431, cSi 

Halohhi, 671 

Halysites, ’^585, 5S6, 602 
Hamilton stage, 590, 505 
Hantm, F, 387 
Hanging wall, *339, 340 , 
351 . *352, 354, •‘J'356. 

Ha ploaras, 713 
H a plophragm / um , ^'71 5 
Hardness of minerals, 10 
liar poccras, 689 
Hartz Mts, 466 
Ilawaian Lis, 40, 266 
Hay ford, J, 94, 95 
Headlands, 493, 494, 495 
Heat, consolidation by, 277; 
in meta morphism, 414, 
radio-active, 36S; vol- 
canic, 86, 88 
Heave, ^339, 340 
Heave-faults, 351 
Heaves, 352 
Heavy spar, 425 
Hehertella, ’*‘571 
Heiiprin, A, 51, 60 
Heldcrbcrgian series, 590, 
591 , S 93 » 597 
IliilolUvs, 586 
Ildiophyllum, *602 
Helix, *737 
Helvetian, 724, 773 
Hernias pis, 588 
Henry Mts, 399, 503 
Herculaneum, 55 
Herrings, 718 
Hesperornis, 721 
HekroecraSf *73 5, 7t8 
Heteropods, 271 
Hexacoralla, 650, 655, 670, 

: 686 

Hexagonal s)fstem, 7 
Hickories, 754, 765 
Himalayas, antecedent riv- 
ers, 484; Archiean, 538; 
elevation, 724? 754; Per- 
mian, 643; rainfall, 108; 
Trias, 661 
Hipparion, 757 
H ip po nicha r io n, *5 57 
Hippopotamus, .766, 787 
Hippurites, VI 
Hobbs, W H, 49 
Hog-bacI^, *456 
Holaskr, 717 
Hollows, wind-made, 448 
Holmiii, *556, 558 
Holocystites, *585, 586 
HoloptychiuSf ^607,' 608 
Holothuroidea, 631 
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ITomalodotheria, 759 | 

Homdhnotus^ 603 
IJoplites, 717 ^ 

Horizontal displacements, 
'^47, 

Horizontal strata, forms in, 

. ..'.451, ' ■ ■ 

TJormntomHy *574, 575 

Hornblende, 1(>, 18, 72, 

103, 267, 289, 293, 294, 
296, 297, 300. 40S, 413, 
418, 41Q, 42 t; -andesite, 
298; -gabbro, 291); -gran- 
ite, zgb, 207; -schist, 421 
Hornfcls, 408 
Ilornstone, 309, 408 
Horses, 730, 744, 745> 747. 
757. 1^1 

“ 1 ] orses, ’ ’ in coal-seams, 

' 3^82' 

Horse-shoe Crabs, see Xi- 
phosura 

Horsetails, sea Equisetales 
Horsetown series, 702, 
Horst, *347, 384, 4^6; 

mountains, 466 
Horton sandstone, 613 
Hovey, E O, 59 
Hudson R, 467; drowning 
of, 490; estuary, 274; 
submurim* channel, 140 
Hudson River series, 565 
Hudson’s Bay, raised 
beaches, 32 
I-Tunil)okIt, A V, 677 
Humous acids, 102, 197 
Huntington, 775 
Huroniun series, 535, 541 
Hyienas, 760, 787 
Hyeenodoiu 745 
Hydasjnan stage, 658 
Hydration of minentls, 98, 
'U)‘4 

Hydrocarbons, 306, 3 1 5, 

316 

Hydroi'hloric acid, Ba 
H yd rochcenis, 787 
Hydro-duosilicic a(*id, 409 
Hydrogen, 6, 197, 315, 316 
Hydroid Corals, 547, 572, 
586 

: Hydrosphere, 5 
Hydrozoa, 555 
Hymetioptera, 687 
HyiilUhes, *554, S5S 
liyofwkmiiSj 747 
Ilypabyssal rocks, 284, 294 
Hyperodapedon^ 674 
Ilypersthene, 16; -gabbro, 
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Hypothesis, Nebular, 88, 
532; Planctesimal, 533 
Mypofhyris, 505. 603 

Jrl ypsocormns^ *991 
Hyracodon, 7^5 
Hyni colh erht ;w, 7 3 9 
H y stricomorpha, 7 5 8 

738, 756. 

ice, 8; deposits, 227; 

structure of, 151. 

Iceberg deposits, 238. 
Icebergs, 151, Ui’4, 

Ice-fjclds, 157; -foot,* 166; 

-sheet, 107, 143 
I chthyornis, ^21,'' 
Ichthyosaiiria, 674, 093, 
*693, 718, 723. 729. 
Ichthyosaurus, *693. 
Idkmiorphic particles, 2H5 
Idojiearca, *715, 717. 
Igneous agencies, 26, 528 
Igneous rocks, 4, 26, 129, 
383, 506 ; classification, 
292; destruction of, 103, 
302; Devonian, 597; 
joints of, 76, 369, '374; 
metamorphism of, 4135 
minerals of, 290; Ordo- 
vician, 566 ; Silurian, 
5S3; Triassic, 665. 
l£unnodori, 720 
JUmms, 587 
Illinoian stage, 775, 777 
llmenitej 521, 289 
Inclined strata, land forms 
in. 45^ 

Inclusions, *404, 405 
I ndiana-I llinois coal-field 
620 

liulian earthquake, 427 
Indian Swallows, 756! 
Indus, sediment from, 214 
Infusorial earth, 220, 313 
Injected bodies, 391, 404 
Injection, 409, 413 
Inlier, 384; faulted, 384 ; 
hiormtmus, * 715 , 7^7 
Insecta, 547, 573, 5^^. 603 
632, 651, 656, O7T, 687 
Inseotivora, 729 
Interglacial stages, 772, 775 
784 ^ 

Interior basins, and, 205 
pluvial, 205 

Interior Sea, 546» 55^> 5^3, 
5<58, 579. 5^3. S94> dio^ 
617, 621, 639, 
Intratelluric crystals, 285 
289 


Intrusions, 403, 425, 429; 
energy of, 405; me- 
chanics of, 401 
Intrusive racks, 284 
Intrusive sheets, 77, 79 
Invcriobrata, 547, 723, 735, 

Inyo Mts, elevation of, 783 
lowa-Missoiiri coal -field*, 
'620 ■ ' 

Iowan stage, 775, 777 
Iron, 6, T04, 199, 292, 427, 
431 ; deposition in tropics, 

104, 187, 243; meteoric, 
273; native, 915 precipi- b 
latc;s of, 309; as cement, 

105, 276, 304; chloride, 

82 j dejiosits, jg2j -hat,, 
43 r; in marble, 4174 
minerals, 31, 302, 139; 
-ore, *3 Go, 427-9 432, 
bog, 199, 309, 314; lake, 
220, 223, 309; -oreSj, 
Archaean, 540; pre-Cam* 
brian, 544; ostide, 72, 
192, 3:99, 269, 276) 

oxides, 294, 298, 300^ 
302, 409, 429; pyrites, 21;- 
white, 22; sulphide, 21, : 
267, 429; surface de- ; 
posits of, 279, 432 

Irregulares, 736 

Isalco, 58, 67 

hastrm, 686 

Ischia, earthquake, 50 

IschypkrMs, 673 ' ^ ■ 

Islands, 493, 496; volcattic; 1 

, 65 . 

Isometric system, 7 / 

Isopoda, 603, 687 
Isostafw, 94 'Hif: 

Isostatic adjustments, S^4; 
Isoielus, 573, *576 4: 

Isotropic substances, 8 
Isthmus of Panama, 750 .■ 


;ackson stage, 724 ■ V; 

Jakutian stage, 658 
Jan Mayen* 53 
japan, earthquakes, 4».4S5 
fault-systems, 467; ' lo 
bate coast, $01] voles?* 
noes, 54, $5 /, 

Taspilite, *360 - ■ 

java, volcanoes, 54 ' ’ ' 

jellyfish, Cambrian, 
Jerseyan stage, 775 / " ^ 

Joatmiks, *072, 673 ' 

John Day stage, 7^41 

757 
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Joint-blocks, 102, 136,* 172, 

, 405,4731 47b : 

Joints, 5, 76, 126, 27S, 369 , 
*379; cause of, 374; 
columnar, '*'77, *78, 369, 
^388 ; *402, 474 ; compres- 
sion, 3 7 5 ; diagpnal, 3 7 4 ; 
dip, 374 , 376; irregular, 
*>*388; master, 373 , 376, 
472, 473; oblique, 374; 
strike, 374 , 376; tension, 
374; topographical effects 
bf, 467, 473 

Jordan valley, 185, 469 
Jorullo, 66 
Jura Mts, 478, 505 
Jurassic, 655, 65 7," 663, 677 
Juvavian stage, 65S 


■ 


Karnes, 234 , *^236, 237, 771 
Kansan stage, 775, 777 , 784 
Kaolin, 129, 306 
Kaolinite, 19 , 103, 218, 302, 


305 

.. Kaolinization, 1S6 


Karibogas, 227 
Karroo system, 644, 645, 
666, 683 

Kaskaskia stage, 610, 614 
Kayser, E, 35, 54, 268, 600, 
623, ^28 

Keewatin Glacier, ***773, 
776,778,779 
Keewatm series, 535 
KeUaway Rock, 677 
Kemp, J F, 290, 292, 315, 
_4 i8, 419, 465, 

Kenm stage, 724, 742 , 748 
Keokuk substage, 6 to, 614 
Kettle moraines, 230, '•1*231 
Keuper, O5B, 660 , 665, 666 
Keweenawan series, 535 


*6^, 63, *^'67, 69, 


* . ’^* 72 , ^73 
- K^meridge Clay, 677 
KJmmeridgian, 677 
Kinder hooK stage, 6 to, 614 
' Kinmga, 54 

- Kittatinny peneplain, 512, 

Klamath Mts, 681, 
Knife-^cdges, 1x9, 164, 510 
Knight, C R, 693, 695, 719, 
740^746,760 

Knoxville stage, 702, 704 
K^mwMm^ 671 
Kootanie stage, 702, 704 
56 , 63, 80, 
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Labradorean glacier, *^773, 
776 

Labradorite, 13, 14 , 29S, 
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Lahyrinthodon, 074 
Lacertilia, Lizards 
Laccoliths, 293, 397 , *398, 
*399, 403, 460 
Lacustrine deposits, 215 
Ladinian stage, 65S 
LSaps, 720 
Lafayette stage, 762 
Lagoons, coral, 266; depo- 
sition in, 308 
Lake Agassiz, 7 78 
Lake Algonquin, 7S0; Bon- 
neville, ^*218, *^210, -'^‘22 1, 
222, 491, 7S2; Champlain 
781 ; Chicago, 780 
Lake deposits, 215; chemi- 
cal, 220, 223; in iTolar re- 
gions, 241; in temperate 
regions, 241; mechanical, 
216, 222; organic, 220 
Lake Erie, 779, 7S0, 781; 
Huron, 216, 779, 780; 
Iroquois, 780, 781; La- 
hontan, 223, 782 ; Michi- 
gan, 779, 7S0J Ontario, 
*160, '’*175, 217, 779, 780, 
781; Saginaw, 780 j Su- 
perior, 2x6, 218, 779, 780; 
Warren, 780; Whittlesey, 
,■780',' 

Lakes, 174 , 3 ir>, 480, 783, 
“alkali,” *226; barrier, 
215; deltas in, 210; 
erosion, 215; filling of, 
217; formation of, q6j 
fresh-water, 216; ice-bar- 
rier, 23s, 237; in tropics 
279', peat 'in, 197; salt, 
205, salt in, 278; 

tectonic, 215; tempora ry, 
2 16 ; volcanic, 57, ***58, 215 
Lakota stage, 702, 704 
Lamime, to, 319 
Lanarkia-f *588 ‘ 
Land-bridges, 529 
Land sculpture, 451 
Landslips, ^5, 96, 131 , 164, 
180 

Land-surfaces, buried, 440, 
484; submergence of, 495 
Land, waste of, iSo 
Langhian stage, 724 
Lapilli, 81 , 286 
Lapworth, 560 
Laramie stage, 703, 709 , 
710, 720, 72 ^ 


Lasmiius, *589 
La SoufriertvSO 
Lateral erosion by rivers^ 

. I 39 ' . 

Lateritc, T04, 187 , 242, 269, 
279 

I^aurels, 735, 756 
Laurentian granites, 535 
Laurentide glacier, '^773, 
77 S> 779 

Lava, 55, 58, 61-65, 67, *00^ 
*^ 70 ," 82, 83, 91, 95, 

535; acid, 7r, 72; ascen- 
sive force of, 86, 89 , 403 ; 
basic, 71, 72; columnaV, 
76, *^77, ' 5 * 78 , 369, *5*388; 
irregularly jointed, ^‘388; 
origin of, 86, 88; pla- 
teaus, 436, 459; plug, 3cS7 ; 
submarine, 79 ; succes- 
sion of, 79 

Lava flows, 293, 3S7, *388, 
* 5 * 389 , 459 , 49 ^; meta- 
morphism by, 407; tex- 
ture of, 397 
Layers, 1S2, 319 
Lead, 427; ore, 432 
Lemming, 787 
Lemuroidea, 729, 739, 74T, 

745 

Lepidodendrids, 600 
Lepiiiodendron, 6 *^ 5 , *626, 
648* 649 

Lepidodmus^ *5*569 
Lepidoptcra, 68 7 
Li'pidosleMS, 69 r 
Lepidoius^ 673, 60 x 
Lcptcena, 573^ 588 
Leptolepis, 691 
LepUmitns, *554 
Leucile, 14 , 28<}, 293, 297, 
299; -basalt, 293, 299 ; 
-rucks, 293; -syenite, 293 
Level, changes of, 96; 

of no variation, 91 
Levis channel, 564 
Lins, 677, 67S, hm 
Libbey, W, 62, 69, 72, 73, 
1 h S7, 165, 

240 

Licfms^ *5^5, 5S7, 603 
Life, Algonki'an,- 543; Ar- 
cheean, 540; Carnbrian, 
553; Carboniferous, 624; 
Cenozoic, 723; Creta- 
ceous, 714, 721; Devo- 
nian, 6ao; Eocene, 735; 
Jurassic, 684; Mesozoic, 
655^ Miocene, 754; Or- 
dovician, 568; Oligocene^i 
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^44* PaLTOznic, 547; Pal- 
eocene, 720; Permian, 

()4 S ; P leist ocen e, 78 5 ; 
Pliocene, 7()4; progression 
of, 521; Silurian, 584; 
Triassic, 607 

fagnite, JU 4 , 315, 730, 742- 
744 , 7 f >4 

Ligurian stage, 724 
Linihurgite, 203, :M> 0 ; -por- 
phyry, 293 

Limestone, ip, i‘ 04 , JilO; 
chemicaJly funned, 279, 
307; coral, *^'263, 3iJt; 
crim.'idal, 312; crystal- 
line, 312, 417; crystaliiza.- 
tion in, 310; estuarine, 
275; foraminiferal, 312; 
fresh-> water, 31 r ; magne- 
sian, 260, 81 * 4 ; murine, 
310; metamorpliism of, 
407, 408, 414, 420, 42 q; 
organic, 310; shell, '*'258, - 
312; shoai-water, 273 ; 
solution of, 107, 127; 

terrestrial, 1S7, 242 
Limestone banks, 250 , *260, 

279, 3 ^^ 

Limestone regions, spnngs 
in, 132; streams of, *135 
Limestone Shales, 630 
Limit of perpetual snow, 
■149; 

Limonitc, 31 , 220, 241, 409, 
43 ^ 

Limulm, 687 
Lhuirf!SO‘nut^ *^' 3 54 s 55^ 
Lingulella, 558 
Lingidepis, *554, 558 
LionSj 7S7 
Lipan Ids, 63, 79 
Liparite, 295 
Lirwdmdron^ 1 4^ ^ 1 0 
JJthodomiis, 31 
lathological similarity, 534 
Lithosphere, 5 ; segments 
of, 368; shells of, 27 
Lithohration, 629, *630 
Litoptcrna, 759, *760, 7S7 
Little Sun-Dance Hill, 898 , 
***400, 460 ' 

Littoral deposits, 245, ^246 
Littoral zone, 18 1 ; area of, 

247 

lave Oaks, 736 
Livingstone stage, 702, 710 , 
727 

Lizards, 692, 718, 723, 73S, 

745 

Llamas, 745 , 757^ 7^7 


Llandeilo series, 560 
Llaiivirn series, 560 
Load, modifying effects of, 

^ 364, 4 i 3 > 433 ‘ 

Lockport stage, 57S, 581 , 

^ 5f^> 597 
Lodes, 429 

Loess, * 18 H, 24T, 817 
Lophophyllnm^ 629 
r.orraim/stage, 560, 5(>4 
Loup Fork stage, 724, 750 , 

, 757 . 

lyovvville stage, .1^60 
Loxonnna^ 634, 671 
Ludlow series, 57S 
Lung Fishes, sec Dipnoi 
Lutetian stage, 724 
Lycuptidiales, 547, 600, 

625, ^620, 648, 668 
r.yell, C, 7(), 109, 142, 72fl 
Lyasonm, *685 
l-y/armw, **'685, 689, 713 

McGee, W J, 112 

Maclurea, *574^575 ! 

Macroseisms, 42, 49, .s;o I 

Macroti^mopteriSj ’<'668 
Macrura, 670 

IVIagma, 284 , 2815, 288, 397, 
309; ascending, 291; 
ascension of, 403 ; chem- 
ical composition of, 2 88; 
cUoritic, 297; fluidity of, 
403; fusion of rock by, 
301 , 404; gabbro, 298; 
granitic,^ 296; syenitic, 
296; universal, 292, 539 
Magmas, 407; acid, 407; 
ascensive force of, 401; 
as agents of dislocation, 
366, 403; liasic, 395, 407; 
heat from, 4^41 mcta- 
morphk, 415 

Magmatic segregation, 42S 
Magnesia, 104, 199, 29a, 
294, 298, 300, 306, 312 
Magnesium, 6 
Magnesium carbonate, 312 ; 
chloride, 223, 266; suL 
phatCj 224t 226 
Magnetite, 31 , 2S9, 290, 
296, 297, 298, 300, 304, 
408, 409 

Mapolias, 735, 756, 765 ■ 
Maidenhair Tree, 
Gingkoaceoe 

Malaspina glacier, **^ 154 , 
157, 235, *239 
Malay Ids, Archgaan, $ 3 ^ 
MalocysiUsSf *569 
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Mammals, 54S, 656, 676, 
698, 721, 723, 729, 738, 

Mammoth, 787 
Man of Spy, 788 
Man, origin of, 788 
Mauasqujin stage, 702 
Manganese, 6; ore, 4281 
■.oxide, '273. ■: ■■ 

Mangrove tree, 177 
Manlius stage, 578, 583 
Miiiihiocmis, ’<-'601 
Maples, 716, 735, 756, 

Maps, geological, 561 
M ural tiarea% 625, 668 
IMarble, 408, 4 L7, 418, 315; 

<myx, 307 
Marcasite, 22 
Marceilus stage, 590, 595 
MarglndUiy * 765 ' 

Marine d<q)osits, iSi, 343,’ 
*268; classification, 244, 
245; modern compared 
with ancient, 273 
Marl, 306; in lakes, 220; 

shell, 220, 311 
Marmots, 747, 758 
Marshall series, 613 
Marshes, salt, 275 
Marsupials, 758, 7S8 
MarsupUes, 716 
Martin, 46 
Martinique, 59, 61 
M'asaya, $8 
Mascarene Ids, 54 
Massive rocks, 284 
Master-stream, 486 
Mastodons, 758, 766, 786 , 
787 

Masfodonsaurus^ 674 
Matawan stage, 702, 708 
Mato Tepee, 369, 396 , *<‘402, 
460 

Malopos Hills, ’*117, *118 
Matthew, G F, 344 
Maturity in arid cycle, 4475 
topographical, 438 
Mauch Chunk stage, 610, 
613 

Mauna I^oa, 50, 62, 74, ’*'83 
May Hill senes, 578 
Meandering of streamSj 

140, 

Meanders, intrenched, 48 3 
Mechanical deposits, 3035 
in lakes, 316 , *221, 222; 
land, 187 

Meckleuburgian stage, 7751 
784 
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Medina stage* 560, 565 , 
57 <^, 

Mediterranean, 267; deltas, 
210; earthquakes, 40; 
fault-scarps, 4 7 ; vol- 
canoes, 54 
M ediiroUM, 65 1 
Meekt'lla, *633, 634 
Mcekocmi,'^, ’**673, 673 
Megaccros^ 7S7 
Megtilonyx, 787 
Mcgalosaiirtts^ 696 
Mcgalartis^ 691 
Megatherimn, 7S7 
Melomie^^ *^30, 631 
Mcniuoessus^ 721 
Mcnasph^ 652 
Merced series, 724, 761 
Mercury sulphifle, 19a 
M crutfna^ '^'585 
Mesas, 451 , 452, 459, 476 
Mesokippus^ 745 
MesmactSy *557' 

Af eiiosa ttrusy 65 2 
Mesozoic era, "531,655, 722 
Messinian stage, 724 
Metallic carbonates, 426; 
oxides, 426; sulphides, 
436 

Metals, concentration of, 
432; native, 426 
Metamorphic rocks, 5, 283 , 
317, 415 ; crystalline, 

410; foliated, 418; non- 
foliated, 415; resistance 
to weathering, 515 
Metamorphism, 27, 400 , 
.540; causes of, 413; con- 
tact, 407 , 413, 414, 416, 
420; dynamic, 400 , 414, 
415, 420, 433, 506, 508, 
514; regional, 407, 409 , 
413, 416 

Mtlamynodony 745 
Meteoric iron, 273 
Meteorites, 24, 273, 533 
Methane series* 316 
Mexican mountains, 707 
Mica, 15 , 38, 72, 3:03, 200, 

304, 408, 409, 416, 419; 

-schist, 42 1 ; -syenite, 
® 97 ) ’^trcLcliytc, 207 

Mic4747, 75 S 
Michigan coal-field, 620 
MicrocHne, 13, 14 
Micracojtodony 676 
Microcrystalline texture, 
a88 

«i» 557 , 558 


Microseisms, 42, 50 
Middle Coal, 610 
Midway stage, 724, 727 
Millstone Grit, 610, 615 , 
620,680 
Milne, J, 42 
Mineral veins, 194, 423 
Mineralizers, 287, 28S, 414 
Alinerals, 6, 282; accessory, 
290; ahtnaition f>f, 120, 
290; essential, 200; h- 
hrous, 3o; massive, jo; of 
igneous riK'ks, 200, 302; 
of sedimentary rocks, 302 ; 
original, aqo; physical 
])VGpertics, 8; rock-form- 
ing, 4, f), 11 ; secondary, 
290; volcanic, 73 272 
Miocene, 724, 726, 748 
AI ississi ppi cm bay men t, 

708, 730, 748 

Mississippi, delta of, 33, 
■23:-I,:2 13 

Mississippi R, 140, 147, 
iSo, 200, 4<Si, 4S4; delta, 
33, 21 r, 213; material 

carried by, 346, 147, 216 
Mississippi’ Valley, Carbo- 
niferous, 6to; Palaeozoic, 
545; thickness of beds, 

505 

IMississippian senes, 610, 
612, 614 

Mitchill, B N, 229 
Mitmy 756, ^*765, 
Mock-orange ,777 
Mohawkian series, 560, 
564 

Moisture as agent of mcia- 
morpliism, 414 
Mollusca, 258, 259, 270, 
547> 575. ^03, 

634, 651, 656, 671, 688, 
717. 73 ^^* Arctic, 767, 

771; fresh-water, 220 
Monkeys, 729, 739, 745, 
766 , , , . 

hlonraouth stage, 702 
Mono Lake, 224, *465 
Monoclinfil folds, »>^S 35 , 
*33^. 354, 456 
Monoclinic system, 7 
MonocloniuSy 720 
Monocotyledons, 655, 6B4 
M omme fella , ’’‘s 8 5 5 8 8 
Monometric system, 7 
Monongahela ’stage, 610 
Monopleriay *633, 634 
Monosymmetric system, 7 
Monotremata, 698 


Montana series, 702, 709 
Monte Diablo range, ut> 
heaval, 763 

Monte Nuovo, 31, *66 
Monte Somma, S3, *85 
Monterey series, 724, ’ 749 . 
761 

Muntian stage, 724 
M oiUlivauUm, 6S6 
Monument Park, jit, *.!I2 
Moraines, 164; ground, 
. 165 , *228, ■ kettle, 

S 60 , *231; lateral, 164 , 
227; medial, *!56, . 164 , 
228; terminal, *150, 16 t), 
2 :»8, *220^ 

]\ft»rrist)n series, 680 , 704 
Mosasauria, 71S, *7.[9, 723, 


■ 729 ■ 

Musses, 397 

Moticin, liorizontal, 367; 

pivotal, 367 
Moulds, *518 
Mt. Blanc, *148, *150 
Alt. Hood, S3 
Mt. Pelec, *0o, 61 
Mt. Rainier, 83, 387 
Alt. Slmsta, 83^ *84» 387 
Alountain LiinestoneJ 613 
Alountain range, 504; chain, 
504; system, 504 
Alountain. ranges, ancient, 
511; conformity in, 505; 
degradation of, 510; fokl- 
ing in, 505, 50S; geo- 
logical tlate of, 509; 
granite core of, 40 1, 514; 
origin of, 507; thickm'ss 
of strata, 504; uncon- 
formities in, 505; youth- 
ful, 5TJ 

A 1 Guntai ? is, 5 03 ; lilock, 
464 , 503; «f(uuidation of, 
509; ^ Horst, 466; lat'- 
colithic, 39B, 460, 503 ; of 
folding, 503; ijyramidal, 
476; residual, *445. 449 J 
synclinal, 458, 510; table, 
451, 459, 503;’ volcanic, 

436, 503 

Mud, S 67 , 305, 306; blue, 
218, 245, ' 267 , 274; 

coral, 245. 259, 263; 
felspathic, 7 q 6 ; green, 
245, 269 ; littoral, 245t 
247; playu, 278; red, 
245, 269 , 274; shoal- 
water, 245, 254, 255; 

volcanic, 245, 269 
Mud cracks, * 206 , 249 
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flats, 274 
Mudstone, 306 
Muller, G, 641 
IVruUct, 

xMiiltituberculata, 69S, 721, 
729 ■ ' ' ■ 

Tvlurdn’son, R, 549i 

“iT'S, 

Murchison HI, 671 
jl/irnw, 717 

Murray, J, 245 » 268, 

270,^271 

Musehelkalk, 65S, 659 
Muscovite, 15 , 296, 421 ; 

~>j;r;inite, 2f)0 
IMusk-ox, 771, 787 
.■Mustelines, 766 
Mvnciks, =^^98 5 
M'yalinn, ^;633, 634, 651 
Myoth's, 787 
M'ylodon, 787 
M'yophorhi, 971 
Myrtles, 735 

Ntwsannts, *6^^ 

Naples Fauna, '*^522, *523, 
5116 

Ntissa, ^’j6s 
Natka, ‘-^'765 ^ 

Naiitiloklea, 375, 604, 634, 
671, 68q, 736 
Nanlihis, 575, 651, 718 
Nebula, 532, 533 
Necks, volcanic, 385 , 

399,. 459 . , 

Negative displacements, 30 
Neocene, 727 
Mcocomian, 702, 71‘3 
Neogene, 727 

Nepheliuc, 14 , 280, 203* 
2Q7, 299; -basalt, 203, 
209 ; -syenite, 293, « 07 ; 
-syenite-porphyry, 293 
Ncnnca, ^685, 688 
Nesodon, 758 
Neiideckian stage, 775 
Neiimayr, M, 683 
Neuroptera, 603, 632, 687 
Netirofiierk, 586, 649 
Nevada trough, 566, 5S2, 597 
N6ve, 151 

Newark series, 65S, 664 , 67S 
Newfoundland Glacier, 
*773, 776 
Newman stage, 613 
New R, 4 QO 

New Scotland stage, 590 
New York, Devonian, 590; 
Ordovician, 560 ; Silu- 
mn, 578 


New Zealand, Cretaceous, 
7 k 3 ; Eocene, 734; fjord 
coast c 4 , 496; geysers, 
192; Miocene, 734; Or- 
dovician, 567; Permian, 
645; Pleistocene, 772; 
Trias, 667 

Niagara R, 137, 143 , 781 
Niagarun scries, 578, 582, 

583 

Nickel, 429 

Nicohir ids, volcanoes, 54 
Nile, 241; delta, 214 
Niobrara stage, 702, 70 S 
Nitrogen, 197; tixaliou of, 
17S 

Nodules, 3 ^ 23 , 324; iron, 
1S7; manganese, 273; 
phosphatic, 194 
Non-marine sediments, 181 
Norfolkiaii stage, 775 
Norian stage, 658 
Norite, 299 

North America, Algonkian, 
541; Archaiaii, 536; 
Cambrian, 549, *550; 

coal-flclds, 619; Cre- 
taceous, 700, ***701; 

Devonian, 591, *592; 

Eocene, 729* Jurassic, 1 
*662, 678 ; Lower Car- 
boniferous, 610, 1 j; ; 

Miocene, 748; Oligocene, 
741; Ordovician, 561, 
*1^562; Pala‘ozoic, 546;' 
I’aleoccae, 727; Perniian, 
*616, 638; Pleistocene, 
77 -b '^ 773 , 77 S; Pliocene, 
759; Silurian, 579, *580; 
Tertiary, 724, *725; 

Trias, 657, 661 , *662; 
Upper " Carboniferous, 
611;, *6 t 6 

North Sea, 174; deltas, 210 
NotlumiHrus, 675 
Notostylops beds, 728, 787 
Notre Dame de la Garde, 
statue of, 61 
Nova Zcmbla, 623 
' Niicleocrinus, *601 

Nuliipores, 260, 363 , 270 
; NummulUes, 312, 734 > 73 ^ 
, Nunataks, *** 155 , 165 

Oaks, 716, 735, 736, 756 
Obelisk, Egyptian, 118 
Oblique system, 7 
; Obsidian, 74, * 75 , * 78 , 293, 
394 ; devitrification of, 
396 


Obsidian CliiT, ^^78, 288, 369 
Ocean basins, 5 
Oceans, area of, 
depth ofi *185 
Odontoccphalus, *601, 603 
Offset, 341, *349, 350, 351 
Ohio shale, 596 
Oil-fields of U.S., 316 
Old age, ill arid cycle, 448; 
of rivers, 481; topo- 
graphical, 438 
Oldham, R D, 44 
Old Red Sandstone, 59S 
Olcndlus, *556, 558 
Olciiellus Fauna ^549 
Oligocene, 724, 726 ,' 741 
OHgodase, 13, 14 , 294 
Oligaporm, 631 
Oliva, *737 

Olivine, i7, 289, 290, 293, 
298, 299, 300; -basalt, 
293, 399 ; -diabase, 293; 
-gabbro, 293, 299 ; -gat> 
bro-porphyry, 393; nick* 
eliferous, 429 
Omosaurus, 696 
Oneida conglomerate, 566 , 
57 », 

Onondaga stage, 590, 594 , 
597 

OnycJwcrmus, 631 
Onyx marble, 307; Mexi- 
can, 307 

Oolite, 264, 307 , 677 
Ooxc, diatom, 245, 

274; foraminiferal, 34 S* ' 
* 370 , 274 i 7 ?*> 

pteropod, 245, * 371 ; ra- 
<liolanan, 245, , 5 ^ 7 '*'^. 274 
Oozes, organic, 279, 3*6; 

siliceous, 313 
Ophicaldtes, 417 
Ophikta, 574 
Ophioglossacesc, 62!’5L 
Ophiuroidea, 572, 6S6 • 
Oputhopiera, *574 ' 

Opossums, 758 
OrbUolUeSf ‘ L ., 

0rhiilin4, *554 ' ' 

Ordovician, 531, 541? 560 ij 
597 i 598 ' ;r 

I Ore deposits, 427 , 

Oreodonts, 7/I5, 747 » 757 * 

Ores, enriched, 431 ; fotTKti® 

by surface waters, 4 i^'> 
in veins, 42^; iron, 

428, 433; lead, 43 f| Of: 
, contact metamenrphOT., , 

, 429; of magmatlG ^ 

gation, 42^1 origin < 3 ^ 
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INDEX 


430; oxidized, 431; 
altered, 431; zinc, 432 
Organic accnm'ulatjon:^, 309 
Organic agencies, i 76 ; ero- 
sion by, 180 

Organic deposits, in lakes, 
2 3o; shoal water, 257 
Orinoco R, 205, 269 
Oriskanian series, 590, 591, 
593 

Oriskany stage, 590 
Ornithomimus, 720 
Ormthorhymhus^ 698 
Orniihosioma, 710 
Orontes, valley, 460 
Grl/iW', *57.1, 573, 603 
Orthocerds^ * 574 , 577 » ^04, 

634, 

Orthoceratites, 570, 5 89 
Orthoclase, ii, 13 , 19, J03, 
293, 294, 296, 297, 419 
Ortlioptera, 603, 632, 687 
Orthorhombic system, 7 
OHkothetex^ 603 
Osage stage, 610, 914 -, 631 
Osborn, H F, 653, 693, 695, 
.7^9, 740, 74 h, 75 « 
Ostracoda, 558, 573, 632, 
570 

Ostracodermata, 577, 589, 
604 , 635 

688, *715, 71:7, 

' *737 

Oswegan series, 57S 
Oiozamites^ *66g 
. Otters, 757, 7SS 
Ouachita Mts, 639, 647 
Ouachita range, 504, 505 ^ 

. Outcrop, 326; aneeted''by 
'JZ: ■ "^ 34 ^? * 340 , 3 SOJ 

of mineral veins, 431 
■ Outliers, 383; faulteil, 3 84 
Overlap, *381 
Overwash plain, 234, 771 
. Owb, 73S, 756 

Qx-bow lakes, 140, *141 
Oxen, 766 
' Oxford clay, 677 
;; Oxfordian, 677 
. : Oxidation of minerals, oS, 

taz 

0:sygen, 6, 98, lor, 197, 

’ 3.^3 ■ . 

’ ^' ■ O^er banks, 275 


739 

‘ lls, 265 


. 3 i?aci:nc,,....ato^ 
qnakes, 40; 


earth* 
volcanoes, 


*569 

:■ ' 


Palieccliinoidea, 631, 655 
PaUeogene, 726 

Palmhatteruh ^53 

PalcEoniscm^ 635 
Patoxya/j.s', 741 
PaUeotheres, 747 
Pakuozoic era, 5T2, 531, 
545 , 65s, 656, 722 
Palfeozoic rocks, shoul- 
water, 543; thickness, 545 
Piileocene, 724, 726, 7‘'37 
Palisades, T14, 299, 395, 
*306, *397, *461, 467, 663 
Palms, 75 b, 735, *73<> 
Palustrinc deposits, 196 
Pampas, 1S9, 222 
Panthers, 757 

Panidoxides, 552, *557, 

SS^ V " ' 

Paradoxides Fauna, 549 
Ekinigiuiy R, 20;^ 
Paramor]3hic minerals, 413 
Parana stage, 764 
Parasuchia, 674 
Pareiasaunii; y 654 
Parrots, 756 
P artings in coal, 617 
Pa>ssarge, 449 
Patagonian stage, 754 
Patapsco stage, 702 
Patuxent stage, 702 
Pawpaw, 777 

Peat, 197 , 314, 313; in 
lakes, 220; in xxikir re- 
gions, 241; in tropics, 
242 

Peat-bog theory, 619 
Peat-bogs, 19b, 278, 310; 

ancient, 315, 320, 3K2 
Pebbles, 136, 304, 305, 322; 
beach, 172; compressed, 
416, 419, *420; coral, 
263 j glacial, 161 , 229, 
*230, 232; river, 20Tt 
sheared, 375; wind- 
carved, 123 

Peccaries, 747, 75S, 766, 787 
PecopteriSy 649 
Pecteiiy 671, *737 
Pediom^^Sy 721 
Pegmatite, 296, 394 
Pelagic deposits, 245, i? 69 ; 
fauna, 555; organ ismSj, 

Pelecypoda, 558, 575, 589, 
934, 651, 656, ’671, 688, 

Pelicans, 738, 756 
PeltocaraSy *685, 689 
Pelycosauria^ *653 




Penck, A, 180, 1S3, 49 a 
495 , 501, 515, 552, 775 
Peneplain, Ml, * 445 » 4 ^t. 
4S7, 490; dissected, 445, 
431, 482, 5ii, 312; rcelii- 
vated, 45S, 482, 51 1 
Penexilanation, 514 
PenktcrhiHSy *685, 686 
Pentamcrida;, 5 88 
PentamcruSy *585, 58S 
PentremifeSy 620, ■**630 
Pcovian stage, 775, 777 
Perched blocks, 230, ‘^'232 
Percolating water, T04 
Peridotite, 203, 90 (Ji; fam- 
ily, 3«;3, tlOO; -porjihyry, 
293 

Periods, geological, 527, 530 
Peris phi nrtilesy 689 
Perissndactvla, 729, 739, 

744 , 745/747, 75S 
Perlite, 293, 205 
Pcrlitic structure, 2<)5 
Permian, 531, S47 j 6 ^ 7 , 666, 
667 

PetaladiiSy *630 
Pctraiiiy *560, 572 
Petrifactions, 520 
Petrography, 292 
Petroleum, "31 6, 

Pharops, 587, *601, 603 
Phalangers, 75S 
Phenocrysls, ;iB 5 , 28S, 2S9, 
295, 296, 2Q9 
Philii>pi, E, 659 
Philippine Ids, volcanoes, 54 
Phill i psaslrmty 602 
PhllUpsm^ 632, *633, 650 
Pholadomyal *685 
Phiinolite,’ 295, *- 207 ; rolum ^ 
liar, 399, *402 
Phonoli tc-ju n'phyry, 293 
Phos])hate tlepusits, J94 
Pho.s},>hatic luxlules, 194 
Phosphorus, 6 
PhrapnoceraSy 5S9, 604 
Phylhte, 4 - 16 , 421 
Phyllocarida, 558 , 573, 60-3 
PhylheeraSy 689, 713 
Phyllogra ptuSy *3 7 1 
Phyliopoda, 632, 670 
Physiography, 4, 435 
Piedmont glaciers, 157 
Pigs, 739, 747, 766 
Pillars, 3S4, 493; rain, -iit, 
*112 

Pines, 735, 736 
PmUeSy 684 

Pipes, 127; volcanic, *387, 
3SS 
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Pisolite, 307 
Pistazite, 17 

Fitch of folds, 330, 

374, 47^ 

Pitchstoju*, 203, 205 
PHhccanihro fills y 766, 7SS 
Phicpntkenis^ 717 
Placers, 428 
Plagtaid(i\\ 6()8 
Fiafjfiudase, 18, 293, 297, 
2q8; acid, 29C) 

Phiios, alluvial 436; coast- 
tal, 437, 402, 408; of sub- 
marine origin, 436, 437, 
440, 441; ruck-iioored, 
44 q; of siilaierial origin, 
441 ; truncated rock, 44S, 
44,9; ^olcani^, 436 
Plaisanciart stage, 724 
Planorhis, ^737 
Plants, 547, 533, 570, 600, 
625, 648, 035, 068, 6S4, 
7ii, 723, 728, 735, 748, 
754, 7^4, 7^^ 

Plaster of Paris, 20 
Plasticity of rocks, 330 
Plateau province, elevation 
of, 752, 76^, 7«3 
Plateaus, voiraiuc, 436, 4S3, 
484 

Platform, wave-cut, 440, 
404 

Platinum, 42S 
Platyceras^ *601, 604 
PiatyiTinus, 602, 631 
Plalydstoina^ 580 
Platystrofihhi, ’^srr, 573 
Playas, 216 

Pkrtamktmtes, ’*'571, 573 
Pleistocene, 33, 702, ’709 
Plesinsauria, 075, 694, 718, 
729 

Plesiosaurus, *^694 
Pleitracamhus^ 633, *652 
Pleiiracystik's, *569 
Pleuromya, *983 
Pleura plmnts\ *633, 651 
Pleurolomaritiy *633/ 634, 
*685, 688 
Pliamhenia, 757 
Plication, ^3,% *‘'334, 355, 
359t*3^b *362, 3^4. 505* 
^oS 

Phny, 55 

Pliocene, 724, 726, 759 
Plhsaurmi 694 
Plucking, by streams, 136; 

glacial, ’*‘1^8, *159, 164 
Plutonic bodies, cornposite, 
391; injected, 391; mul- 


simple, 391; 
Subjacent, 391, 400 
Plutonic rocks, 2S4, ‘>90- 
forms in, 460 ’ 

Pluvial climates, 205, 241, 

^278,439 

1 ocket-gophers, 747 
Pocono stage, 610, 613 
Paebrotheriiim, 747 
Polandian stage, 775 
Polar regions, 9 1, ; continen- 
tal deposits, 240, 27S; 
denudation, 446; marine 
deposits, 252, 273 
Polar seas, deposits, 273 
Polish, glacial, '*^158, ■'{^161 
Palyma stodo n, 729' 

Pompeii, *56 
Ponderosa 'Marls, 702 
Pnpanoccras, 651 
Poplars, 7ifj, 735, 736, 754, 
75^’ 

Pofmlus, 7x4 

Portage stage, >i'522, ^523, 
590, 596, S97 " 

Port Ewen stage, 590 
Forth CHS, 71S, ’>"719 
Portlanilian, 677 
Portland stage, 677 
Porphyritic texture, 76, 285, 
*286, 2Q4 

Positive displacements, 30 
Potash, 104, 136 
Potassium, ft, 294 
Pot-holes, 137, ***138, *139; 
■glacial, 164; wind-cut, 
122 

Potomac R, 482, 48S, 490; 

gorge, 443, 488 
Jhotoinac series, 678, 702 
Poltsville stage, 6x0, 615, 
621, 680 

Pourtales Plateau, *260 
PozKuoii, 30, 33, 66 
Pre-Cambrian eras, 531, 
534, *537; dassihcatiori 
535 

Precipitates, chemical, 307 
I^reliminary tremors, *38 
Pressure, consolidation by, 
277; in metamorphism, 
414 , 

Prestwich, J, 9a 
Frestwichia, 632 
Primary group, 724 
Primfiry rocks, 2S3 
Proboscidea, 757, 758 
Procam el us ^ 757 
ProdromiieSj *630, 635 
Producidla^ 603 


Productidas, 651 
Productus, *630, *633, 634 
iVad«Xj 587, 632 
Proganosauria, 652 
Proiafiirus, ' 

Protection of soil by t^ege-i* 
tation,ioo,io8 ;111,176 
rroterosauria, 653 
Prokrosaurtis, 653 
Protocems, 747, '737 
Proiohippus, 757 
Protort.hh\ *554 
Protospongki^ ' *554 
Prokwarthia, •‘*'574, 575 
ProtyIopm\ 745' 

Provinces, Cambrian, 550; 
Devonian, 600; faunal, 
*522; petrographical, 290 
Pseudodiadema, 716 
Pscudomonotis, *633, 651, 
67X, *672 

Pseurlomorphs, 11, 424, 320 
Pteranodon, 719 
Pteraspis, 605, 606 
Pterkhthys, *605, 606 
Pkrinea., *574, *601, 603 
Pteropocls, 271, 589, 634 
Pterosauria, 676, *696, 719, 
723,729 

Plerophyllum, 669 
Pkrygometopus, 373 
Pkrygolus, 587, 603 
PlUoduSj 721, 729 
PiychikSf 651 
Ptychocerasj 718 
Ptychoparh, *557 
PlyonmSj. 636 
Puerco stage, 724, 7J28 
Pugnaso^ *633 

Pumice, 81, 293, 395, *390$ 
in deep sea, 273 
Piimiceous texture, 285 
Purbeck, 677 
Purpuraj 736, *765 
Purpurina, 688 
Pyramidal system, 7 
Pyrenees, 314; Archauaa 
of, 53^1 upheaval of, 753 
Pyrite, M, 194, 289, 431* 
320 

Pyroclastic rocks, 280, 389, 
*300 ^ 

PyropstSf *713 
Pyroxene, 429 j -andesite, ■ 
298; -traenyte, 297 
Pyroxenes, 16, 289, 290, 
293, 297, 298, 300, 409, 
418 

Pyroxenite, 293, 300 ; -pote* 
phyty, 293 


8io 


INDEX 


Quail, 73S 

Quartz, it, Vi, 72, 
104, 105, 123, 172, 
246, 267, 2Sg, 290, 
294, 295, 206, 29S, 
304, 3 ‘ 35 » 309^ 

|. 409 » 41^. 419, 421, 

426; -dionte, 2Q3, 
-diorite - porphyry, 
-porphyry, 293, 296 , 
-trachyte, 295 
Quartzite, 40^, *411, 
416, 421, 5x5 
Quaternary, 531, 723, 
761,70s 


I 


194, 

393, 

302, 

408, 

425, 

? 598 ; 

203; 

393; 

415 , 

724, 


Rabbits, 747, 758 
Raccoons, 745 
Radio-activity, 88, 368, 432 
Radiolarux, 267, 272, 313, 
570, 684 
Radiolites^ 717 
Rajinesquina, *571, 573 
Rain, destruction by, JOl, 
II 6, 180; prints, 207, 
%5i, 275, 322; wash, 
278; water, lor, 124 
Rancocas stage, 702 
Ransome, 352 
Raritan stage, 70a 
Rats, 7 58 
Rays, 690, 732 
Recent age, 769, 788 
ReceptaculiteSf *569 
Recession, of spring-heads, 
132 

Recon-struction of rock, 97 
Red Beds, 640, 647 
Red colour of desert de- 
posits, 24a 
Red R, 480 

Red Sea, 500; sun cracks, 
250 

Redwood, 756 
Reef rock, 2 04 
Regimen of a river, 139 
Regular systenr, 7 
Reid, J A, 346, 354, 367 
Reindeer, 77 1, 787 
Relief, 10 1, 442; effect on 
marine deposits, 243 
Renard, 345, 267, 268, 270, 
271 

Renssellaeria^ 603 
: ' Reptiiia, 54S, 652, 656, 674, 
602. 718, 723, 738 
t' Republican R stage, 734, 
761 

Y ‘ ' ' R&qtdm'ut,^ 717 
^ Reservoirs, volcanic, 86^ 87 


Rcsifhud accumuiations, 1 86 
-Resorption of crystals, 2S5, 
289 

Rri!/c«/am, ^'630, 634 
Reusch, 552 ' 

RhabdoceniSf 673 
Kha?tic stage, 658, 660 , 665, 
666, 6S2 

Rluimphoyhynchiis^ ^'696 
Rhii phisloma, ^=5 54 
Rhine, delta, 210; fault- 
valley, 467 ; sub-lacustrine 
channel, 141 

RhiiKvBelgiuni, Devonian 
section, 590 

Rhinoceros, frozen carcasses 
of, 518; hairy, 7S7 
Rhinoceroses, 741, 744 » 745 i 
747 , 757 , 787 

Rhodoffimts, 631 
Rhombic system, 7 
Rhone, 216; yleita of, 213; 
sul')-lacustriue channel of, 

141 

Rhus^ *>'755 

Rhynchocephalia, 692, 7x9 
Rliyndmicllii^ 671, 687, 

7 'i 7 

Rkyn choir ana ^ * 57 ^> 575 
Rhynchotretii^ *585, 58S 
Rhyolite, 293, 5295 , ^ 296; 
-breccia, 301; -obsidian, 
295; -porphyry, 293; 
-tuff, 301 

Richmond stage, 560, 505 
Richlhofcniit, 651 
Ridges, anticlinal, 45h, 
*457, *458 j mountain, 
504; of hard rocks, 452, 
^458, 4S2; syndinal, 457 
Rift' Valley, 469 
Rigidity o! rocks, 362 
Rill marks, SJ 41 >, *252, 323 
Ripley stage, 70a, 708 ’’ 
Ripple marks, "^‘248, *249, 
*250, 255, 323, 507 
Ripples, wind, *^189 
River channels, sub-lacus- 
trine, 141; submarine, 
34 , HO 

River deposits, 199; behind 
barriers, 253; in estu- 
aries, 275; of polar 
regions, 240; in temper- 
ate ^ regions, 241; in 
tropics, 242 
River gravels, old, 207 
River mud, 499 
River-system, evolution of, 
488, *489 


Rivers, 477; accidents to, 
491; adjustment of, 485; 
aged, 481; “alkali,” 14*6; 
antecedent, 489 , 485; 

consequent, 478 , 485; 

constructional work, 443; 
cross-bedding in, 255; 
denuding work of, 442; 
drowned, 482; erosion, 
by, 185 , 180; mature, 
480 ; rc j u venat cd , 48 2 ; 
revived, 483; salt, 146; 
siil.)scquent,'' 4S5; super- 
inipuscxl, 484, .^85; trans- 
verse, 487; youthful, 480 
River waters, dissolved sub- 
stances, i-ib, 222 
Roches moutoniiees, 101 , 
^640, /Op 

Rochester stage, 578, 581 
Rock-ihiiiy, 2 3cy 
Rock-forming minerals, 4, H 
Rock-powder, i6i 
Rock-slitles, ^129, *130, 

JOl, iSo 

Rock terraces, 210 
Rocking stones, 122, 232 
Rocks, 4, 52 H‘i; ejassiiira- 
tion of, 282; igneous, 4, 
26, 318, 385, .}o6, 

433; mas.sivt% 284, 318, 
385 ; metamorphic, 5, 
2 HS, 3x7, 406, 407, 415 ; 
pyroclastie, 286, 300 ; 

resistance of, 100, 443; 
sedimentary, 5, 182, 5 >S 3 , 
30 ‘J, 31H, 407; stratified, 
5, 182, 318 ; unstratitied, 
318, 385 , 435 

Rocky Mts, 504; Arcluean, 
538; batholiths, 40 c; 
thirlHjniferons, 620; De- 
vonian, 507; elevation, 
7 XT, 763; glaciers, 152, 
Ts;7; thennalsprings, 134 
Rodentia, 729, 739, 741, 
„ 747 » 1S\lo6, 7S7 
Rogers, A W, 233 
Romfngeria, *^‘569 
Rondoiit stage, 578, 5S3 
Roots, fossil, 618 
Rosebud stage, 750, 751 
Rothiiegendes, (> 41 , 643 
Rotten rock, 107; stone, 107 
Rudistes, 713, 717 
Ruminants, 739, 747, 7^^7 
Running water, destruction 
by, 99, 1^24 
Run-off, T24 
Russell, i.C, 668 - 
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Sabnvtooth cats, 7,15, 747, 
757 r 787 

St Klias Alps, 154, 235; 

upheaval, 7(\^ 

St Helena, 53 

St laiwrenre R; submarine 
channel of, 34 
St Louis St ii^e, hro, 614 
St Peter sta,m*, 5 {>4^ 

St Pierre, destruction of, 6i 
St Vincent, 50, 

Siii^eniiesj '>'672, 073 
Saletm, 7 

Salina stage, 5 78, 584, 

5 Q 7 . 

Saiisiiury, !'< D, 533, 77 L 774 
Salh\\'’^‘ 7 S 7 

Salmon, 7x8 
Salopian series, 57S 
Salt, 187, 2, .-a, 226, 278-, 
deposition, of, 224, '^'225; 
desert, 242; rod:, 308 
Salt Lake, 2H), 222, 225 
Salt lakes, 205, 242 

Salt Range, 643, 86 1 
Salton Sink, 136, 220, 222 
Salts, 2 78 

San Francisco earthquake, 
=^=38, ■‘'^ 47 , ^48 

Sand, ;i04, X07, 136, 199, 
207, 279, 304 , 3ot), 447; 
beach, 172, 304 ; calca- 
reous, 259, 317; coral, 
263; cross 4 .}edded, *254; 
dek‘.rt, 242, 304; ejected 
by earthquakes, 43, 427; 
felspar, 347; glacial, 229; 
green, 245, ‘-iOO; in ileep 
sea, 260; littoral, 245. 
246; olivine, 247; ripple- 
nxarked, *^248; river, 200, 

. *5f202, 304; shoal-water, 
243, 254 , 273; volcanic, 
247; wind-blown, 180 , 

304, 317 , 

Sand-bars, river, 201 
Sand-craters, 45 
Sand-grains, beach, 317; 
blown, 190, 317 ; desert, 
242; river, 317 
Sand-grouse, 756 
Sandstone, 105, 109, 304 , 
306, 311, 316, 321, *^388, 
^'389; .argillaceous, 304 , 
306; cross-bedded, *^255; 
decomposition of, 105, 
*106; joints, 371'; meta- 
morphism , of, 4<38, 4 id, 
420; micaceous, 304; 
modern, a 06 , 276; of un- 


certain origin, 1S4; rip- 
plc-rnarked, *5=249; wind- 
stnilplured, ***121 
Sandwich Ids, 62, 8:5 
Sangamon stage, 775, 777 
Sanidine, 13 , 295 
Santa Cru;'. staKc, 754. 758 
Santa Alana, 58 
Sanlurin, 67 
SapimaM, 649 
Saratugan epoch, 549 
Sarmaliau Sea, 753, 764 
Sassafras', 714, 716 
Suvile Kent, 262, 263 
S:ixonian stage, 775, 734 
Scfunan stage, 775 ‘ 

Sraphitrs, *5-715, 717 
Scarboro formation, 777 
Scaur Limestone series, 

6 1 o, 6 1 3 

Srdidosaurus, 699 
Si’himper, 726 
Schist, *5'4 o^^^ 5f-j chlorite, 
421 ; graphite,'42i ; horn- 
blende, 421; mica, 408, 
412, 4x6, * 5 : 4 /^x; qiKirtx, 
420 ; talc, 421 
Schislosity, 412 
Schists, ’crystalline, 420; 

jointing of, 476 
Schizambon-t *^71 
Srhizoncura, 640 
Schifeopoda, 603 
Sell la? n bach ia , 7 1 7 
Schoharie Creek, cairturc of, 
487 

Schoharie stage, 590, 594 
Sclirtvderocmis, *574, 575 
Scliiichert, C, 563, 565 
Sfh'dHtfrerina, 629 
Seoriaceous tt.‘xture, 385 , 
288 

Scorhe, 7 *- 3 , 73, 76, 78) 81 
83,203,396,407 

Scmqxions, 588^ 632 
Scott, D H, 628, 669 
Screw-pines, 736 
Scylhic series, 658, 663 
Sea, as place of accumula- 
tion, 243; cross bedding: 
in, 255; destruction by* 
167 ," 440; predpitatuxn 
in, 300 

Sea-caves, 463 ; 463 ; 

-coasts, 492; -floor, pre- 
dfutoiis, 41 

Sea-UUes, see Crinoidea , : 
Sea-urchins, see Echinoidea 
Sixa-water, chemical action* 
*173, 174- 
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Sca-wave, carthqiiakp, 44 
Seas, enclosed, i8i ; deposits 
in land-locked, 243 
Seatstone, 618 
Scxiweeds, 547; iis limestone 
makers, 312; calaireous, 

^ 25S; Coralline, 263, 670 
Secondary group, 724 
Secondary rocks, 182, 302 
Secretary Birds, 756 

Sedgwick, A, 54^578, 590 

Sediment, ai^tlling of, in 
fresh water, 210, *212; 
in salt water, 210, =*21 a, 
223 

Sedimentary rucks, disturb- 
ances of, 432; joints, 

371 

Sediments, consolidation of, 
276; continental, i8i; ; 
marine, 181 ; nonmxtrine*/ 
iHi; original horizoniaP 
ity of, 324; original 
dination, 325, 353; riv^r,^ 
203 

Sctli mentation, horizontal 
changes in, 321, *322; iti;: 
shoal-water, 318; ius 
oceanic abysses, 318; veK 
tical changes in, *320 ; 

Segregation in strata, 324 
Seismic regions, *39, *<'40 
Seismicity, 40 

Seismograph, 37 ’ : i 

Selachii, 5S9, 606, 635, 6537 
690, 718 
Stdenite, *Z 0 , 308 

Selkirk Mts, 514 
Selma stage, 702, 708 ' 
Svminula, *633 
Senmnotits, 673 , 

Senecan series, 590, 596 . 
Senpniaii series, 702 
Sepiarium, 323 ’ ‘ 

Sequoia, 736, 756, 765 ! , ■ 
Scrapeum, 30, *^31 
Scricite, 15 

Series, geological,. 530 
Serpentine, 19 ,. 129* 300 , 
418 ■ ■ 

Shale, 306 , 311, 314* 

,321, 406, 416, 

arenaceous, 306; ^ bitu- 
minous, 306; jdnti% 
*373. * 379 !' rfppJe- 

marked, *25^;, SAhn« 
30S , \'' 

Sharks, see Selachii 
Shastan series, 702 _ - 

Shattuck, 0 , 763 ' 
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Shawangunk grit, 565, 5S2 
Shearing-planes, 375, 412, 

425 ' : 

Sheets, contemporaneous, 
3^«>» 396; .igneous, 433; 
inclusions in, 396; inter- 
bedded, 389; ' intrusive, 
see Sills; lava, 389 
Shelf, continental, 267, 
Shell, of cementation, 9S, 
126, 127; of flowage, 

35 t), 376; of fracture, 

360 , 376; of fracture 

and flowage, 360 ; of 
wea theri ng,* 98, 12^,127 
Shell-banks, 259, 310; -lime- 
stone, ''^258, 312; -marl, 
220, 31 1 ; -rocks, 194; 
-sand, 190, 258, 264 , 
Shells, of lithosphere, yS 
Shenandoah R, 488 
Shenandoah peneplain, 513 
Sheridan stage, 782 
Shingle, 246, 305 
Shirane, 55 

Shoal water, 243 ; deposits, 
,,.245,252,206,507 
Shore-lines, lake, 176, 219 
Shrinkage cracks, 249 
Shrinkage of earth, 368 
Sicilian stage, 724 
.SIderite, 21, C2a 
;Sierra Nevaaa, 164, 464, 
*465, ^ 506,. 510, 514; 

patholiths, 401; com- 
' pression, 505; elevation, 
752. 759 , 7 ^ 3 * 

; ' ■ ' , 7 ; fault -scarps, 464, 

, ^465; fault-valleys, 467; 

, frost action in, .115; 

folding of, 707; gla- 
■ ciers, 157, *158; ther- 
, tnal.^ring.s of, 134 
' Sierra Teras, 45 
,'$i^%tlariaj *626, 627 , 648, 

: :, 649, 668 

Silica, 12, 71, 104, 105, 276, 
';277, 287, 2S8, 289, 292, 
293, 294, 296, 298, .313. 
407, 416, 520; amorphous, 
<'194, ’ 309; chalcedonic, 
;r 194; hydrated, 12, 1944 
' in sea-water, 272 
.Silicates, 12, 103^ 174, 297; 
] co,mplex, 302 ; decomposi- 
' tion products of, 17; fer- 
' " ro-magnesian, 289, ^294- 

deposits,' 191, 220, 


materials, 3027 



oozes, 313; precipitates, 
309; rocks, 304 
Silicic acids, 1:2 
Silicon, 6 , 13 
Sill tunnel, 1:37 
Sills, 293, 394 , *^398, *399, 
403, '407; fusion of strata 
hy, 395 ; topographical 
effects, 460, '*=461 
Silurian, 531, 547, 560, 578 , 
597, 598, 610; Lower, 

’560; Upper, 578 
Silver, 428 
•Simeto R, 141 

Sinclair, W J, 370, 3 7.8, 379, 
475 

Sink-holes, 27 
Sinter, calcareous, 307; sili- 
ceous, 192, 300 . 
Sivathcriuniy 766 
Siwalik Hills, Pliocene, 764 
Skaptar Jokul, 79, 82 
Slate, 165, 107, 408, 416 , 
420, 421; cleaved, 411 
Slickensides, 343; horizon- 
tal, *353; vertical, *342, 

*343 

Slip of strata, *363, 364 
Slope of fault, 340 
Smith, J P, 663, 6S3 
Smith, Wm, 677 
Snake R, 483, 484, 485 
Snakes, 718, 723, 73S 
Snow line, 149; slides, 149; 

structure, 151 
Soapstone, iq 

Soda, 104, 136, 2 78, 296, 
297; -granite, 296 
Sodium, 6, 294; carbonate, 
1S7, 226; chloride, 226; 
sulphate, 187, 226 
Soil, 103, *106, 107, 186 , 
240, 242, 27S, 279, 

306, 618, 619 
Solar system, origin of, 86, 
88, 532 

Sclidincation, magmatic,2S7 , 
Solution, magmatic, 2 89 
Sonora earthquake, 45 
Sorting power, of water, 182, 
tSa, 245».302, 319; of 
.^wind, 182, 183, 319 
South America, Arch man, 

g }9; Carboniferous, 624; 

retaceous, 71 rp I 3 e- 1 
vonian, 599 ; Eocene, 
734; Jurassic 681; 
Miocene, 754; Qrdovi- 
cian, 567 ; Paleocei^, 728; 

, Permian, 645; Pietsto- 


cene, 772; Pliocene 
764; river deposits, 203, 
205, 242; Silurian, 5S4; 
Triassie, 666 
South Shetland Ids, 734 
Sphagmm^ic)^],i()^ 
Sphenophyllaics, 600, *626, 
' ' 63 B ■■ . 

Sph enopterh^ *649 
Spatangoidea, 686 
Spiders, 54.7, 632 
Sp infer ^ *60 x, 

603, *630, =H')33, 634 
Spiriferida^, 588 
6 ’ piriferi na , 6S8 
Spits', lake, 21S; marine, 

253 

Spitzl'»ergen, 599, 623; frost 
action, .1 1 5 

Sponge-spicules, 267, 313 
Spongida, 555, 570, 5S6, 
60 2, 629, 686, 7.16 
Spring deposits, * 191 , 307 
Springs, 124, 161 ; chaly- 
beate, 192; deposition, 
307; fissure, 132, **^133; 
ferruginous, 276; hillsicte, 
181 , *132; mineral, 194; 
thermal, 166 , 430 
Spruces, 7.^5 

Spurr, J L, 226, 33S, 423, 
429 

Squirrels, 747 » 75 ^ 

Stacks, 384, 493 
Stage, geological, 530 
Stalactite, 1 $) 5 , 307 
Stalagmite, 195 
Stanton, T W, 680 
Starfishes, see Asteroidea 
Siaurocepluilus, *585, 587 
Steam, 288; in metiimVa'pli-' 
ism, 414; vulcanic, 55, 
60, 62, 63, 64, , 65, 86, 
89 , 90, 95, 430 
Steatite, 19 ^ 

; Stegocephalia, 636, 652. 

' *^53, 656, 674 

, Siegosattms, 696 
Stenoiheca, *554 
Step-faults, 647 , *348, 466 
Siepkanoceras^ 689 
Steppe fauna, 786 
Siereosternum^ 652 
Stictoporelki, *57^1 
Stigmaria^ 627" 

Stocks, 400; topographical 
effects, 460 
, Stomatopoda, 687 
Stomatifpora^ *571 
i SimparoUuSf 



ESTDEX 


813 


irregular, 202, 3--^; 
ildtas, 213; uf entuarine 
deposits, 27a; of llutKi- 
plain dcjinsiii'^, 205; ot 
lake deposits, 2 uS; ed' 
marine dei)Osits, 245; 
of river deposits, 202; 
of tufis 301; fdaoes of, 
1S2; ref^uiar, 205, 322 
Stratified crystalline rorks, 


■ '.227 . ■ ■ ■ 

Stratified rocks, 5, t.S^, iUH; 
disUirhances of, 277, 3 ' 24 ; 
joints of, 470; relative 
ages of, 32 1, 

Stratum, 310 
Streams, see Rivers 
Stream tin, 42*^ 


Siref^iehismn, 572 
SirepiiSf 5SS 
Strite, gladal, ^ 160 , 

*344; of siickeiisides, 

*342, 35 '. *353 

Strike, of strata. 3 ‘J(S, *3efa, 

320; of veins, 423 

Strike-faults, 345, ;H 0 , 

35 ' 0 '-" , ' 

StHngacfphalus^ 603 
Stringorephaius iJine.sftme, 
5 go 

Strohikspongl% 
Stmnaiapora, 555, $86 
StromWi, 55, m, 75* 79» 

Skombus, 756 
SiropheodonUif *^601, 
Skophomena, 573 

Stropkm^yim, ^585, 58*) 
SiyMina, 604 
Styhdon, 609 
Siylmmrtis, 5H7, ^>03 
SubaSrial, agents, 442; part 
of coast, 4Qa* 4^)8 
Sub-Aftonian stage, 775, 


77^» 7^4 
ubc 


Subcrustal magma, 52, 3^17, 

403 

Subjacent bixiies, 404 
Sub-lacustrine river chan- 
nels, 1 41 

Submarine, earthquakes, 
41 ; part of coast, 492, 4g3 ; 
river channels, 140J vol- 
canoes, 53 

Subsidence, effect on ddttus, 
3 1 o, 2 1:3 ; effect on littoral 
deposits, 24S 
Subsoil, 107, ISG 
Substage, geological, 530 


Substitution , mulecul ar, 

__ 424, 520 

Subterranean agencies, 2d, 
‘*8, 40 T, 4.33; streams, 

■ ' 

Sueeerision uf organic 

^ grou])S, S24, 525 
Siiess, 1% 4d<;, <45 
Suessunian stage, 724 
Supbide.s, enriched, 431: 
Siiiphur, 6 ' 

.Sidphiu’ dioxide, 82 
Sulpliurel tt*(l hydrogen, Ss 
Sumatra, 56; vcslcanoes, 54 
SunuUraii earthquake, 47 
Summary, of destructive 
action, 180; of recon- 
structive processes, 2 7S ; 
tuf subterranean agents, 
05; of structural geology, 

43^ 

Sun cracks, =^"^00, 241, 24.0, 
*253, 255, 274, 278, 507 
Sii 1 )er fie i at ' age ncies , 2 6' 
Superheated water, 409, 
414; €}ep(j.sitkm from, 394 
Superposition, caaier of, 
521, 525 

Surface agencies, 26, 97 
Susquehanna K, 482, 490, 

. S'b^' ■■■■ '■ 

Swamp, Great Disnnd, 197, 

SirVauip deposits, 196; water, 

194 

SwanipH, lUK'ient, 320, (07 
Sycjunores, 733 
Syenite, 2tj3, *297; funuly, 
203, f29M; -obsidian, 2^)7; 
-|i.>rphyry4 203. 

Sym Hues, 3.17, 333, 

’ 3fl^» 4:dS 4 5<», 

457* 47*’, 5^n*, tauiled, 
349; p.lnts iiq 374; 
Synchaorimu, '*'330 
Syniiyermi s , 757 
Syringopmi^^ 580 
Sp'inguihyrh, *^030, 634 
Sys!t‘m, geological, 530 
*Vv.cita;n?</mi, 731) 

Systems of crystal forms, 7 

'fable mountains, 45 459 
Table ^Mountain sandstone, 
5S4, St)Q 

Tachylyte, 293, ^09 
IVtjhfc Mis, 567; s3^stem, 

Tjentodonta, 729 

[ Te^nkpleriS;, 668 


Talc, 11, Ig, 129 
'falchir stage, 643 
Talus, 4'rir, 113, 15, 1x7, 
187, 278, 3.17, 452, 
in deseit.s, 242, 317 
Tbnrmiia, 'b)S3 
Tapirs. 739, 741, 744, 787 
1 arr, _R S, 46 
Tataric stage, 642, 654 
Tiixites, G84 
Tejon series, 724, 730 
Tdi'osaurHS, 694, 719 
'.rcleostei, 608,, 656, 691, 

■ 

T ekrpeton, 674 
'Fern boro, 82 

Tennessee R, history of, 

.. 490 , : 

Tension, of rocks, 345, 351, 
365* 3^6, 367; genesis, 

Tcniaculitcs, *585, 589 
frtvakw/d.?, *601, 603 
TcrebratdUi, **'715, 717 
Terehrat'iila, 634,'" 671, *^672 

’*'715, 717 

Terebratulidie, 603 
Termites, 179 

Terraces, cut and built, 
217; lake, 176, 217, 

*219; river, S 07 , 

^208, ^209, 443; rock, 
210; sea-cut, 171, *372, 

441 

Terrestrial deposits, j 86 
, 'ferrigenous depiosils, ^i 45 , 

1 257, 269; minerals, 270 

IVrtiary, 531, 723, 724 - 
'festudinata, see Turtles 
Tiinihehnlon, 757 
. 'fetniljranchiata, 575 
’Temu uralla, 572, 655, 670 
I’etragonul system, 7 
'i'elragnipti-is, *571 
'IVxture, 74, 284 , 288 
ThulattcsucWa, 695 
Thames, estuary, 210 
Thanetian stage, 724 
Thecidhim, 671 
Theeosmtlm, 6S6 
Theosodon, *760 
Theralite, 293 
Theriodontia, 654, 676 
'fherocephalia, 676 
Tbetys, 645, 661, 6S3 
Thl(Bodm%, 73X 
Throw, 4Si *339* ^^ 340 , 
341; horizontal, *3395 
kratigrai>hic, *^339, ’^ 34 ‘=»i 
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Thrust, experimental, *3^55 
Thrusts, ^'129, 344, 345, 
354 , 413, 432, *471, 505, 
508; cause of, '364; fold, 
345, *355, scission, 

345i SSo j surface, 345 ) 
^357, topof^raphi- 
cal effects of, 471 
Thujiies, 684 
Thurinfd‘'*-n Forest, 466 
Tide, 173, 210, 243, 274 
Till, 770 
Tiilodonta, 729, 741 
Tilting of fault-blocks, 

■ ■ 3^7 ■, . 

Timber-line, 510 
Time, classihcation of ge- 
ological, 530; divisions 
of, 528 

Tin, 427; oxide, 428 
Tirolic series, 658, 603 
Tirolitcs, 673 
Titanichth 607 
Titanium, 6, 429 
Titanotheres, 739 > 74i, 744, 
_ 74 - 5 . *746, 747 
Titanotheniim^ 745 
Tittmaiin, 94, 95 
Tongrian stage, 724 
Tonguefj, plutonic, 400 
Topa^, IX 

Topography, construc- 
tional, 436, 437; deter- 
mined by arrangement 
of rocks, 4^6, 451 ; effect 
on deposition, iSh; gla- 
cial, *438, 443; tectonic, 
436, 456; volcanic, 43^h 
^*^ 437 . 45 Q- 
Topset beds, 2x3 
Toronto interglacial beds, 
777 

TorosaumSf *^720 
Torrejon stage, 724, * 7**28 
Tortonian stage, 724 
Toxaster^ 717 
Toxodontia, 758, 787 
TrachycemSf 673 
Trachyte, 293, J 597 ; -por- 
phyry, 293 

Tracks, of land-animals, 

■ 206, 251, 275; of worms, 
>256 

.Transportation, 97, 98; 

.183, 447; -.glacier, 164; 
. ,- ice, 166; river, 144; 
'wind, 123 

Transporting power of run- 
'^mng. water, 144 , 199 
Tf:ap^ 299 


Traquair, 588, 5S9, 606, 607 
Travertine, 191, ^*.192, 307 , 

Tree-line, 509^ 

Tremadoc series, 560 
Trematis, *571 
Tranatonotiis^ *;Sq 
Treniolite, 16 
Tremors, of earth, 37 
Trenton stage, 560, 504 , 
597 , 

TnaHhriiSy 573, *^'576 
Triassic, 531, 637 ,'’ 642 , ^ 4 ^^, 
655, 657 , 682 

TrilxUnries, 480 ; extension 
of, 486; subsequent, 485 
Triceratops^ *720 
Triclinic system, 7 
Triconodoh, 699 
Trigonia, ^'685, *** 6 ? 5 S 
Tn'gonocenis^ 634 
7 yigo}io!csk'Sy 739 
Trilbbita, 547, S5S,i>^6,572, 
*576, 5^7> <^02, 63T, 650, 
636 

Trimereiiidic, 5S8 
Trimc?tric system, 7 
Trinity stage, 702, 703 
J'rimiclcuSy 573, *576 
Tripledtiy ^571 
Tripoli powder, 220 
Tristan d’Acunha, 53 
7 'roclioceniSy ’*‘585, 589 
TrocholUeSy 577 * 
Trochonmity **'574, 575 
Tropical seas, deposits in, 

274 

Tropics, continental de- 
posits, 242, 279; glaciers, 
15 s; rain action in, 104; 
scil-«*ieater, 187 
lyophioleptH.^y *60 r, 603 
T^opiies, *673, 673 
Trough-fault, *^346, 347 , 
3S4. 467 

Tufa, calcareous, *^"224, 307 
Tuffs, 6:j, 81 , 277, 301 , 
3^7i 390, 406; meta- 
inurphism of, 420; re- 
crystalLxation of, 296; 
subaqueous, 301 
Tulip Trees, 7O5 
Tully stage, 590", 595 
Tundras, '241 
Tunnels, lava, *72, 74 
Turbarian stage, 773 
Turh0y^>j6s 
Turonian series, 702 
TurrilUeSy 718 
Turtle Mt, ^29, *130 , 


Turtles, 675, 692, 7x8, 723 

1 uscaloosa series, 702 
Twin, polysynthetic, ii 
TwinningVjf crystals, ii 
Tylopoda, 745 
Tylosaurnsy ^719 
Typkisy *••'765 
Typotheria, 7^7 
'Pyrannosaurtts, 720 
Tyrrell, J, 778 

Uinta IMts, 452, 505, 506, 
542, 564, 70O; elevation 
■, of, 71T . 
r inkier Inns y 716 
Uinta stage, 724, 74 * 2 , 744 
U intathcriumy 741, 744 
Uitenhage beds, 713 
Ulrich, 1 C O, 563, 5O5 
Ulsterian series, 590 
ITncompahjgre R," 4S5 
Unconformities, 526, 527; 

obliteration of, 505, 542 
Unconformity, 376; angu- 
lar, **^377, *378, ^’379, 

*380; without change ot 
dip, 3 So, ’*'381 
Underclay, 618, 619 
Underground waters, de 
structioii by, li^ 4 , xSo 
Undertow, 247 
Undina, 691 

Ui>per Barren Ideasures, 
638 

Upthrow, 340 , 347, 351, 
354, 36(4 4O9 
U])Wiirp, 305, 483 
Utica stage, 560, 564 , 597 

Val d’Arnu stage, 7^4 
Valtmti'an series, 578 
Valley glaciers, =^*150 
Valley train, ti 34 , 771 
Valleys, antidimil, 457, 45S; 
canoe-shaped, 328; de- 
termined by faults, 467; 
dip, 455; drowned, 501; 
glacial," 162 , *163, 4441 
glaciated, 497; hanging, 
163 , 444; in soft rocks, 
45 5i 4^2* longitudinal, 
455 , 471^. 4S2, 4B7, 499 , 
504; of folding, 499 » 
over-deepened, 497; river 
made, 139, 340 ; strike, 
4S5>. submarine, 496, 
500; submarine glacial, 
164; submerged, 494; 
synciiimi, 436, 456, 47B; 
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tectonic, 460 ; trans- 
verse, 455, 482; trench- 
like, 442;' U-shaped, 162, 
wide, 443 

Van Hise, C E, 27, g8, 413 
Van lugen, G, 138, 204", 
21T, 253. 372, 37 ^h 

306, 468 

Vapours, in jilutonic rocks, 
407; magmatic, 240*, min- 
erali/Jng” tJ 87 , 288, 407; 
volcanic, 70, 8‘J 
Vegetable accumulations, 
196 ; in. temperate regions, 
241; in tropics, 242, 279 
Vegetable maticr, 197; tle- 
^ cay of, 314 

Vegetation, protection by, 

TOO, 108 , TIT, 17 (», '*’3 77, 

topographical ci‘~ 

^ fects, 445 

Veins, banded, 423; com- 
plex, 424; fissure, 4 ‘ 43 , 
425;^ gold- bearing, 431; 
granite, *'^39 5 ; intrusive, 
* 395 , 399, 400; 

metalliferous, 426, 429 , 

■ 433; metalliferous, forma- 
tion of, 430; metamorphic, 
408, 425; mineral, 194, 
42 ;^, 433; mineral, alter- 
ation by weathering, 43 1 ; 
of replacement, 424; sedi- 
ment-filled, *426 
Vein-stuff, 426 
Velocity of streams, 136 , 
i 37 v 190 

Venhila, *715, 7^7 
Verbeek, 82 

Vertebnita, 547, 577 t S^ 9 i 
604, 633, 652, 673, 690, 
718 

Vesicular texture, 2S5 
Vesuvius, 50, 52, 55, * 64 , 
65, *70, S3, *85, 763. 
Vicksburg stage, 724 
Victoria Falls, J 44 , 472, 
473 » *474 

Viliilinay *601, 603 
Vogt, J H, 428 
V mhorihella, 559 
Volcanic activity, causes of, 
86 

Volcanic, cones, 83; de- 
nudation, 84, 386, 459; 
earthquakes, 42, 50 ; lakes, 
57, 21s; necks, 385^*386, 
*3^ 7» ; plateaus, 

85, i2q, 43^» 4S9J prt>tl- 
>, nets, 69, 273, 2S6, 300 


Volcanic rocks, 284, 385 ; 
Cambrian, 552; Ceuozoic, 
722; Carboniferous, 621, 
623; Cretaceous, 707, 
711,712; Devonian, 597, 
599; Eocene, 741; land 
forms ill, 459; iVliucene, 
749 , 752; Oligocenc, 743, 
Ordovician, 566; Per- 
mian, 641, 695; Pleisto- 
cene, 762, 763; PliocLMie, 
7S3; Silurian, 5S3; 'Prias- 
sic, 665 

Volcanoes, 286, 385; 
distribution, 52 ; erup- 
tions, 54; intermitten cy, 
86, 90; new, 66; sub- 
marine, 53, 65 , 273 
Vohclia, *685 
Voltzia^ 649, *669 
Voluia, 717 
VoluioMthes, *737 
Vosges _Mts, 466 
Vulcanisnij 28 1 

Vulcano, 79 
Vultures, 738 , 

*633, 651 
Waders, 721, 73 8 
Wakhia, 649, 669 
Walcott, C D,'54 i 
Wiildheimm, 687 
Wal^s, Ordovician of, 560; 

Silurian of, 578 
Walnuts, 735, 754, 765 
Walther, j W, 242 
Warping, ‘^ 9 , 374; effect on 
drainage, 490 
Warren R, 779 
Warsaw substage, 610 
Wasatch Alts, 5014, 542, 
564, 507, 679, 706; 

elevation of, 71 1, 763, 
783; fault-scarp, 464; 
thickness of beds, 505 
Wasatch stage, 724, 731 , 
730 

Washita stage, 702, 703 , 706 
Waste of land, annual, 180 
Water, 8; erosion in des- 
erts, 44 7 » 4491 ex- 

pansion on freezing, 123; 
penetration of, in earth, 

125 

Waterfalls, 480 
Water Hogs, 787 
Water-Ume substage, 5825 
Watershed, 480 
Waters, alkaline, 192, 194; 
magmatic, 43P ; meteoric, 


43^? swamp, 194; ther- 
mal, 128, 433 

Wave (;rnsion, 167 , *r68, 
*169, **=i7o, *171, 

„ 49 :h 501 

Wave marks. ‘^ 48 , *251 
Wave in solids', 38 

Waveriy series, 613 
Waves, comjiressional, 38; 
dHortional, 38^ normal, 

38; <}f distortion, 38, 

93; transverse, 38 
Wealden, 702, 71 *^, 720 
\VVasoln, 745, 747, 757, 758 
Weathering, 100; shell of, 

98 

Wright, consolidation by, 
276 

, AVenlork series, 578, 58.3 
I W^est Indies, earthquakes, 
40; raised beaches, 32; 
volcanoes, 54 
Whales, 7 sH 

White, I), 61s 

White, I C, 320, 649 
White ants, 179 
White Mis, landslip, 131 .. 
White River stage, 724, 742, 
745 , 757 

Whitfu'ldella^ 588 
Wichila Mts, 566 ' ''' 

Wichita stage, 637, 089 , 642' ' 
Wild Dog, 788 
Williams, H S, 594 ' , 

Willis, B, 188, 328, 331, 35|, , 
363, 364, 366, 5 II . 

Williston, S W, 680 
Wilhws, 716, 735, 736 
Wind deposi^, '188, ; $4*1 ' 
erosion, lj'0, 180, 
448,449,510 
Wind-gaps, 4S8, 489 
Wind transportation, 

Wind River stage^ ‘ 

731 , 739 . ^ 

Windsor stage, 613 ' • 

Wisconsin sti^e, 775, 717 S ' 
Wilteberg beds, 624 ' 

Wood, 315 '■ “ 

Woodcock, 73B 
.Woodpeckers, 756 T'''*’ . 

Woodward, A Smith,; 605' 
606, 607, 690, 6^1 ^ ^ ^ S 

XenoHths, *404., #5 > ' 
Xiphodonts, 747 
Xiphosura, 587, 632^ ^87 

yarm-cm* Maas, 775, 777 

Yellow Sea, 269 ... 
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